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Abstract

sFLASH is a seeded experiment at the Free-Electron Laser FLASH in Hamburg. It uses a

38 nm High-Harmonic-Generation (HHG) scheme to seed the FEL-process in a 10m long

variable-gap undulator. The temporal overlap between the electron and HHG pulses is

critical to the seeding process. The use of a 3rd harmonic accelerating module provides

a high current electron beam with ∼ (400 fs)FWHM bunch duration. The duration of the

HHG laser pulse is ≤ (30 fs)FWHM. The desired overlap is achieved in two steps. Firstly,

the HHG drive laser is brought to temporal overlap with the incoherent spontaneous

radiation from an upstream undulator with picosecond resolution. The temporal overlap

is periodically monitored using a streak camera installed in the linear accelerator tunnel.

Next, the coherent radiation from an undulator is used to determine the exact overlap

of the electron beam in a modulator-radiator set-up with sub-picosecond resolution. The

physical and technical principles of the setup providing the temporal overlap are described.

Results of the system are analyzed. An analytical approach and simulation results for the

performance of the seeding experiment are presented. First attempts at demonstration of

seeding are discussed. Strategies for optimizing overlap conditions are presented.



Zusammenfassung

sFLASH ist ein Experiment, dass den Freie-Elektronen Laser FLASH in Hamburg seedet.

Um den FEL-Prozess bei 38 nm zu seeden, nutzt es ein Schema zur Erzeugung hoher Har-

monischer (HHG). Der zeitliche Überlapp zwischen dem Elektronenpaket und dem XUV-

Puls ist hierbei kritisch. Die Verwendung eines 3. Harmonischen Beschleunigungsmoduls

ermöglicht die Erzeugung eines gaußförmigen -Elektronenpakets mit ∼ (400 fs)FWHM. Die

Dauer des Seed-Pulses ist ≤ (30 fs)FWHM. Der erwünschte zeitliche Ueberlapp wird in

zwei Schritten erreicht. Zunächst wird der optische Laser mit der inkohärenten, sponta-

nen Undulatorstrahlung zeitlich mit Pikosekunden Genauigkeit überlappt. Der zeitliche

Überlapp wird dabei in regelmäßigen Zeitabständen gemessen. Dafür wird eine Streak-

kamera eingesetzt, die im Beschleunigertunnel installiert ist. Dann wird die kohärente

Undulatorstrahlung verwendet, um den exakten zeitlichen Überlapp mit Femtosekunden

Genauigkeit zu bestimmen. Die physikalischen und technischen Prinzipien des Aufbaus

zur Findung des zeitlichen Überlapps werden im Detail beschrieben und die Ergebnis-

se analysiert. Ein analytischer Ansatz und Simulationsergebnisse zum Seedingexperiment

werden vorgestellt. Erste Versuche zur Demonstration des Seedings werden diskutiert.

Strategien zur Optimierung des zeitlichen Überlapps werden vorgestellt.
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1 Introduction

In an attempt to find a broadly tunable source of coherent radiation, the development of

the Free-electron laser (FEL) by John Madey and his collaborators in the 1970s [DEM+77]

was a challenging progress which overcame the constraints of conventional lasers. Substi-

tuting the active medium in conventional lasers, which are based on atomic structures,

with free electrons was a step forward toward generating coherent radiation in the spec-

tral range extending from infrared (IR) to visible way to ultraviolet (UV) and beyond to

hard X-rays. To characterize molecular and atomic structures large number of photons

focused on a sample as small as a molecule squeezed into a time of a few femtoseconds is

required, in other words: the X-ray source must display high brightness. The brightness

or brilliance of a source is the phase space density of the photon flux (i.e. the photons

per unit solid angle per unit solid area), which is a true measure of the properties of

the source [Cla04]. There are numbers of exciting experiments that this novel radiation

source will make possible, including [BPN84]:

• Condensed matter: surface science, magnetic properties,

• Chemistry: taking atomic scale motion picture of chemical process, molecular vi-

brational excitation,

• Biology: microscopy, holography, cellular dynamics, DNA sequencing, unraveling

the complex molecular structure of a single protein or virus,

• Medicine: medical diagnostics and treatment.

The Free-electron laser in Hamburg (FLASH) at DESY is a user facility providing a unique

source of extremely bright, coherent and ultra short pulses of extreme ultra violet radiation

and soft X-rays, enabling the researchers to explore the temporal evolution of physical,

chemical, and biochemical processes occurring in femtoseconds or picoseconds [FLA07].

After an upgrade in 2010 the femtosecond FLASH pulses reached down to the 4.1 nm

wavelength scale [Sch11b].
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A comparison between the peak brilliance of advanced synchrotron radiation sources is

shown in Fig. 1.1.

Figure 1.1: Peak brilliance of FLASH in comparison with XFEL and 3rd generation syn-

chrotron radiation sources, adapted from Ref. [Sch10b].

In FLASH the electrons are produced in a laser-driven photoinjector and accelerated up to

1.25GeV by a superconducting linac. To increase the peak current, the electron bunches

are compressed at intermediate energies (150MeV and 470MeV) using magnetic chicanes,

thereby increasing the current up to ∼ 2.5 kA. The electron bunches with high peak cur-

rent and relativistic energies enter to a magnetic structure which is called undulator. The

sinusoidal trajectories of the electrons within an undulator produce electromagnetic ra-

diation with the wavelength proportional to the undulator period (λu), for example at

FLASH the undulator period is λu =2.7 cm over 27m.
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The interaction of electrons and the electromagnetic field within the undulator changes

the energy of the electrons and consequently their trajectories within the undulator and

therefore they tend to bunch, approaching each other to within one radiation wave-

length. This process produces what is termed micro-bunching and results in an expo-

nential growth of FEL radiation. The electromagnetic fields of those adjacent electrons

superimpose in phase. Due to progressively increasing in micro-bunching the radiation

power P(z)∼Pinexp(
z
Lg
) of such SASE FEL grows exponentially with the distance z along

the undulator. Here Pin is the effective input power and Lg is the gain length over which

the amplitude of the total field grows exponentially [SSY00, Pel02]. The interaction pro-

cess in the undulator can start either with the aid of an external electromagnetic field,

e.g. a laser or by the random synchrotron radiation noise produced by the beam in the

undulator entrance. The radiation due to the latter case is called the Self-Amplified-

Spontaneous-Emission (SASE) radiation. The spontaneous synchrotron radiation results

from statistical fluctuations in the phase distribution of the electrons. As such, the SASE

spectrum will reflect its random initialization strongly. A typical spectrum of the SASE

FEL radiation and seeded FEL radiation with an external source, taken from a Genesis

simulation code [Rei99] is shown in Fig. 1.2.
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Figure 1.2: The typical SASE spectrum, taken from GENESIS simulation. The resonance

wavelength of the undulator is at 38 nm. The red curve shows the seeded spectrum. The coupled

energy of the seed pulse is assumed to be 1 nJ.

The shape of the SASE FEL spectrum is not smooth but has some random spikes. Further

the full bandwidth is also not as narrow as a certain class of experiments would require.

The reason for the wide bandwidth is that the coherence length inherent in the SASE
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process is shorter than the bunch length. Different longitudinal portions of the beam

essentially lase independently. To overcome this problem the bunch length might be de-

creased (single spike with low charge) in which case the coherence length can be about the

entire bunch length. Unfortunately, in such a case, the shot-to-shot fluctuations of output

power would be excessively large and it becomes difficult to achieve the fully longitudinal

coherence and control of the optical phase. Alternatively different configurations have

been proposed to improve the performance of the FEL and to control the spiky nature

of the output, such as side band FELs, and two stage FELs [FSS+97]. A most promising

alternative approach is seeding the FEL with another source of radiation which has a high

degree of temporal coherence. In this regard different schemes have also been proposed

as discussed below.

1.1 Schemes to improve the longitudinal coherence

1.1.1 High Harmonic Generation (HHG)

This method can be used as a tool to directly seed the FEL with short wavelength radiation

which is produced in a high harmonic generation (HHG) process. In a HHG process, as is

explained in more detail in Chapter 2, an intense laser field interacts non-linearly with the

gas atoms and coherent radiation at frequency multiples, or harmonics, of the fundamental

laser is generated. The generated short wavelength radiation can be used as a source for

the seeding the FEL in spectral regions that are not accessible in other ways.

1.1.2 High-Gain Harmonic Generation (HGHG)

In this concept the FEL process starts with an external laser field. The seed pulse in-

teracts with the electrons in the first undulator section and energy-modulates the beam.

After traversing a dispersive section this energy modulation is converted to a density mod-

ulation, as is shown in Fig. 1.3. The second undulator (the radiator) which is tuned to a

higher harmonic of the seed wavelength emits and amplifies the coherent light from the

inserted micro-bunched electron beam which contains micro-bunching Fourier content at

the desired harmonic. This process continuous until the desired wavelength is achieved. In

this approach it is better to start with the wavelength close to the desired one, since after

each step (frequency conversion) the noise level increases and this degrades the quality of

the final FEL output [BZDMK+91, YB+00].
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Figure 1.3: HGHG seeding scheme. A laser with frequency ω modulates the energy of the

electron bunch in the first undulator (modulator). Afterward the electron bunch traverses a

dispersive section, and the energy modulation is converted to a density modulation. The second

undulator, which is tuned to the desired harmonic of the fundamental wavelength of the laser

radiates coherently in the tuned wavelength. The longitudinal phase space of the electron bunch

before and after the dispersive section is shown [ftEt10].

1.1.3 Echo-Enabled Harmonic Generation (EEHG)

Echo-enabled harmonic generation is a scheme which generates temporally coherent radi-

ation by up-frequency conversion of a high-power seeding pulse [Stu10a]. In this scheme

an external laser modulates the beam energy within the first undulator (modulator 1) and

then passes a magnetic chicane. Subsequently a second laser modulates the beam energy

in the successive undulator (modulator 2) which is tuned at the wavelength of the second

laser. The beam travels then through the second dispersion section, where the energy

modulated beam is converted to a density modulated system with very high harmonics

obtained due to the strong compression induced in the dispersive sections. The evolution

of the phase space structure of the electron bunch is plotted also in the Fig. 1.4.

1.1.4 Super-radiant Cascade Seeding (SCS)

In this method the undulators involved in the cascade sections are tuned at slightly differ-

ent wavelengths, in which the fundamental frequencies have one of the higher harmonics

in common. In this scheme a short intense seed pulse can generate a super-radiant pulse

which seeds the following undulator at a common harmonic frequency. The bunching in
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Figure 1.4: EEHG scheme. The first laser modulates the electron bunch within the first un-

dulator (modulator1); afterward the electron bunch travels through a strong magnetic chicane to

over compress the phase space. By using a second laser with the same or different frequency as

the first laser, certain correlations imprint on to the bunch. A second chicane is used to convert

the energy modulation to the density modulation, [ftEt10])

the first undulator contains higher harmonics which enhances the radiation in the sec-

ond undulator at the modulated wavelength. The difference between this scheme with

the HGHG method is that the distinction between modulator and radiator is no longer

appropriate. The three step energy modulation, density modulation and emission take

place simultaneously at different locations along the optical pulse. For more information

on this scheme the reader is directed to Ref. [GSM05].

1.2 Examples of seeded FEL facilities

The HHG method was adopted for seeding at FLASH, because it is a straightforward

implementation of modern technology and demands a physical footprint consistent with

the existing laboratory. For some other FELs different approaches are used for seeding in

the VUV-range. Examples of seeded FELs are given in Table 1.1.

A prerequisite condition for seeding the FEL is to satisfy a six-dimensional phase space

overlap between the electron bunch and external seed pulse. These six-dimensions are

defined as the spatial and angular in the two transverse directions and the spectral and

temporal overlap of the seed pulse and radiation due to the electron bunch (longitudinal

phase space). In this respect the longitudinal overlap of the seed pulse (≤13 fs)rms and

the interacting part of the electron bunch (≤100 fs)rms is quite challenging. For example

the best streak camera has a resolution only as good as a few hundred femtoseconds. So
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Parameters FLASH Fermi@Elettera SCSS SPARC LCLS-II

Seeding option HHG HGHG HHG HHG, SCS,

HGHG

Echo

Final FEL wavelength (nm) 38 4.2 (FEL2) 61.5 36-400 6

Seed energy (nJ) 2 n.p* 2 1 - 104 n.p

Laser wavelength (nm) 800 200-266 800 166-400 202

rms Laser duration (fs) 13 40-100 130 112-120 ≤100

Laser energy (mJ) 35 ∼ 5 100 2.5 0.075

rms bunch duration (fs) ≥ 100 ∼ 600 700 2640 2-100

Electron energy (GeV) 1.25 0.9-1.5 0.250 0.178 4.3

References [AAB+11] [ANF10] [TF+10] [LBB+11] [Stu10b]

* not provided

Table 1.1: Examples of FEL seeding projects [sFE11].

in this regard new techniques need to be developed to measure and adjust the temporal

offset of two pulses within tens of femtoseconds precision.

1.3 Layout of this thesis

The relative simplicity of the HHG method, and available space in our existing FEL

facility, makes this method the first choice for a seeding experiment. In this thesis one of

the prerequisite steps for the HHG seeding experiment at FLASH is studied and discussed.

In Chapter 2 theoretical approaches on the FEL operation, SASE characteristics, electron

and light interaction are presented. The theory of the HHG scheme for producing the

XUV pulse as a source for the seeding is discussed more in detail in this chapter . In

Chapter 3 of this thesis, the Free-electron laser facility in Hamburg (FLASH) is introduced.

The existing diagnostics for the characterization of the longitudinal profile of the electron

bunch are also discussed. The synchronization method of the electron bunch along the

machine, which is also one of the preliminary steps to achieve the longitudinal overlap of

the seed and the electron beam pulse is presented.

In Chapter 4 the installation of the entire seeding setup in the shutdown of 2009, the

expected seeding characteristics, and techniques for achieving the fully six-dimensional
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overlap between the seed pulse and the electron bunch are discussed.

In Chapter 5, simulation results showing the tolerance on the relative temporal jitter be-

tween two femtosecond pulses, to achieve gain with seeding, are presented. Furthermore

a statistical approach is used to predict the probability of the overlap between temporally

jittering seed pulse and the temporally jittering electron bunch. The desired synchroniza-

tion and the temporal overlap precision for the seeding experiment are discussed in the

same chapter.

In Chapter 6 different methods are introduced for finding the coarse and fine temporal

overlap between two pulses. Analytical investigations show that a modulator-radiator

(MOR) setup can be used as a powerful tool for finding the temporal offset of two fem-

tosecond pulses within 50 fs precision. The concept, possibilities and performance of that

method is presented both analytically and experimentally in this chapter.

The layout of a remotely controllable timing diagnostic station, which is installed in the

FLASH tunnel is described in detail in Chapter 7. The radiation shielding issues and the

scheme for constructing the measurement station in the tunnel are also presented; thanks

to the success of this system in the long term protection of the electronic devices against γ

and neutron radiation it will be used in the future for the XFEL facility at DESY [XFE].

The discussion is continued over the optimization of the beamline of the longitudinal

overlap station in Chapter 8.

The results which were achieved during the commissioning shifts for the seeding experi-

ment are summarized in Chapter 9. These results include the streak camera-based mea-

surements (coarse temporal overlap), temporal overlap using MOR setup (fine-temporal

overlap) and the post analysis of some fine scans between the XUV pulse and electron

bunch.



2 FEL principle and theoretical ap-

proach on the relativistic electron

and light interaction

2.1 Light-electron interaction in FELs

Figure 2.1: The electron trajectory and light wave in an undulator.

A Free-electron laser (FEL) uses relativistic electron bunches to produce electromagnetic

radiation. Here in basic terms the physics of this process is described.

To prepare the electron beam for a high-gain FEL process [SDR08], electrons are accel-

erated to relativistic energies using accelerating modules. Using dispersive sections, the

current density in the bunch is increased by shortening the time duration of the electron

pulse. The relativistic electrons with high peak current (∼ kA) enter a magnetic struc-

ture which is called undulator, which is consisting of a periodically alternating transverse
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magnetic field. The interaction process within an undulator is such that kinetic energy of

the relativistic free electrons is converted to electromagnetic radiation in the undulator

magnet by interaction with the existing radiation wave. This interaction is mediated by

the undulator magnets, which force the electron bunch to a sinusoidal trajectory. The

motion of an ultra-relativistic electron traveling along the axis of a planar undulator can

be approximated by [SDR08]:

z(t) = v̄zt−
K2

8γ2ku
sin(2v̄zkut), x(t) =

K

γku
sin(v̄zkut) (2.1)

where ku =
2π
λu
, K = eBuλu

2πmec
is the undulator parameter, and Bu is the peak magnetic field

of the undulator, λu is the period of the undulator magnet, and the average longitudinal

velocity of the electron (v̄z) is:

v̄z = c · (1− 1

2γ2
(1 +

K2

2
)) (2.2)

Lasing occurs because the undulator and the radiation combine to produce an interference

pattern termed a ponderomotive wave that travels slower than the speed of light. The

time for an electron to travel one undulator period is t = λu
v̄z

while light wave travels a

distance of λu + λl in the same time. For a net energy exchange the relative phase of the

electron and the ponderomotive wave must be stationary, and thus the synchronization

condition should satisfy [MP90]:

λu
v̄z

=
λu + λl

c
(2.3)

βz =
ω/c

k + ku
(2.4)

stating that the electron velocity βz = v̄z
c

should be equal to the phase velocity of the

ponderomotive wave with a wave number of electromagnetic and undulator field (k+ ku)

and frequency of ω. This wave travels slower than speed of light and can be synchronized

with the electrons under the condition presented in Eq. 2.3, which indicates that the light

emitted overtakes the electron by one wavelength per undulator period. Using Eq. 2.2

and Eq. 2.3 the resonance condition for undulator radiation is obtained as follows [MP90]:

λ[nm] = 1.306
λu[cm]

E2[GeV ]
(1 +

K2

2
) (2.5)

where E is the electron beam energy, K = 0.934·Bu[T ]·λu[cm] is the undulator parameter.

The radiation emitted from a relativistic electron is within a narrow cone with opening
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angle of 1/γ [Jac99]. The axis of this cone is tangential to the sinusoidal trajectory within

the undulator magnet, whose maximum angle with respect to the axis is [SDR08]:

θmax ≈ K/γ0 (2.6)

For the case of an undulator with K << 1 the Fourier transform of the radiation on

axis due to the sinusoidal electric field would have just one component, the fundamental.

For θ > 0, both even and high harmonics of undulator radiation can be observed as

follows [MP90]:

λ =
λu

2mγ2
· (1 +K2

rms + θ2γ2) (2.7)

where m is the Fourier harmonic number.

The stochastic density modulation within the bunch generates spontaneous radiation.

This radiation, which serves as a seed pulse, is exponentially amplified along the undu-

lator. This process is called Self-Amplified Spontaneous Emission (SASE) and is shown

in Fig. 2.2. The open red circles are the measurement points achieved at FLASH and

the solid line shows the theoretical prediction. The progress of micro-bunching along the

undulator is shown schematically in the same figure.

The SASE can be achieved provided a set of proper conditions are obtained for the

electron bunch quality. The longitudinal charge distribution and the transverse size (σr)

of the electron bunch play an important role in determining the efficiency of the lasing

process. The dependence of the FEL power gain in the one-dimensional limit (ignoring,

e.g., diffraction) on the beam current I and transverse root mean square (rms) size of the

electron bunch σr, is defined in the following formula:

LG =
λu

4πρ
√
3

∝ γ(
σ2
r

I0
)1/3 (2.8)

where ρ is the FEL parameter, depending to the undulator parameter K, and the period

of the undulator magnet λu [BPN84]:

ρ = { I
IA

γ λ2r
16 π2 σ2

trans

K2

(1 +K2/2)2
[J0(

K2

4 + 2K2
)− J1(

K2

4 + 2K2
)]2}1/3 (2.9)

where γ is the Lorenz factor, IA = mc3

e
=17 kA is the Alfven current, J0,1 are Bessel

functions, σtrans is the electron transverse (rms) size. Equation 2.8 reveals that a small
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Figure 2.2: The exponential growth of the FEL pulse energy E as a function of the length z

traveled in the undulator. The open red circles are measurement points achieved at FLASH for

the electron energy of 245 MeV. The solid curve shows the theoretical prediction. The progress

of micro-bunching is indicated schematically, adapted from Ref. [FLA07].

emittance (σ2
r = ǫβ) and high peak current are required for shortening the gain length in

high gain FELs.

In principle for the generation of maximally coherent radiation, the longitudinal bunch

length σz should be smaller than the wavelength of the radiation. In other word, a rela-

tivistic electron beam moving in a sinusoidal orbit can radiate coherently if the wavelength

of the synchrotron radiation exceeds the length of the bunch (λL ≥ σz). There is a limit

for the shortening of an electron bunch, using standard compression techniques, due to

space charge effects. But the energy exchange between electrons within the bunch and the

radiation field can generate micro-bunches which are spaced at, and are thus shorter than,

the radiation wavelength and thus radiate coherently. These micro-bunches are created

due to the fact that, depending on their location in the ponderomotive wave, some of

the electrons give up energy to the radiation, lose momentum and go through a longer

sinusoidal path and fall behind an electron with no energy change; those that gain energy

on the other hand, move forward. This process thus produces bunching with period equal
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to the undulator radiation wavelength which is given in Eq. 2.5.

Assuming full transverse coherence the total radiation power averaged over an ensemble

is as follow:

< P (ω) >= P (ω)N(1 + (N − 1) | f̂(ω)2 |) (2.10)

where P(ω) is the radiation power from a single electron, N is the number of electrons

within the bunch and f̂(ω) is the Fourier transform of the longitudinal distribution func-

tion of the beam f(z), normalized by
∫∞
−∞ f(z) dz = 1. The first term of Eq. 2.10 is due

to incoherent radiation, and the second term - to coherent radiation. The total radiated

power of the coherent radiation is:

Pcoh = N · Pincoh = N ·N e2cγ4

6πǫ0r2
(2.11)

where Pincoh is the incoherent radiation power at the respective wavelength, r is the radius

of curvature of the particle trajectory in a bending magnet.

SASE-FEL bandwidth

The spectral bandwidth of SASE radiation varies at different points along the undulator,

as it is shown in Fig. 2.3. In the first part, which is called undulator regime, the radiation

is an incoherent superposition of radiation from any individual electron. In this part

due to finite electron bunch emittance, the radiation is partially transversely coherent.

Further on due to SASE interaction and modulation in the electron bunch the intensity

and coherence are enhanced and the radiation amplitude increases exponentially. The

growth stops due to the energy spread caused by the SASE interaction itself [Kim86].

The SASE bandwidth in saturation as well as undulator regime is ∆ω
ω

≈ 1
N
, where N is

the number of undulator periods. In the exponential regime the bandwidth is ∆ω
ω

≈
√
ρN
N

.
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Figure 2.3: SASE characteristics along the undulator. In the undulator regime, the radiation is

transversely partially coherent due to the finite bunch emittance (ρN ≪ 1). In the exponential

gain regime, the radiation intensity and coherence is increased due to FEL interaction, and

the radiation amplitude is increasing exponentially. The growth continues to the point ρ−1,

where the energy spread generated due to the FEL interaction itself stops the further growth

of the radiation saturation regime. The bandwidth in saturation as well as undulator regime is
∆ω
ω ≈ 1

N , where N is the number of undulator periods [Kim86].

Properties of the SASE radiation

Starting from shot noise (random electron longitudinal positions within the bunch), the

undulator and as a consequence the SASE radiation shows random variation and fluctua-

tion in the spectral domain. As was shown in Fig. 1.2, the SASE radiation shows several

spikes with different height. The number of individual spikes, which can be assigned to

longitudinal modes, can be calculated as M = Tbunch

τcoh
, where Tbunch is the electron bunch

temporal distribution and τcoh is the coherent time (a time over which there is a corre-

lation in the field, which is the slippage that occurs during one gain length, λr × Lg

λuc
).

The so-called gamma distribution function, yields variance of the normalized FEL pulse

energy and the number of longitudinal modes [SSY03].

pM(u)du =
MM · uM−1 · exp(−Mu)du

Γ(M)
(2.12)
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where u is the normalized pulse energy and σ2
u =< (u− < u >)2 >= 1

M
.

In Fig. 2.4 the measured probability distribution of the SASE pulse energy for the wave-

length of 5.7 nm at FLASH is shown [FLA11]. The blue curve is the gamma distribution

(Eq. 2.12) which fits nicely to the measured probability distribution of the FLASH pulse

energy in linear regime. From this curve the coherence time is estimated to be 4 fs. The

number of modes is measured 9.5 and the fluctuation in FEL pulse energy is 32.5%. The

number of modes decreases for shorter electron bunches. For the case that the electron

bunch duration is equal to the coherence time, only one mode would exist, which in a spec-

tral domain would mean a single spike thus an ideal situation from the time-bandwidth

product viewpoint. On the other hand, Eq. 2.12 indicates that the fluctuations in output

power are maximized in this case.

Figure 2.4: Measured probability distribution of FLASH pulse energy in the linear FEL-regime

at a wavelength of 5.7 nm. The blue curve is the gamma distribution which is plotted for the

energy variance of 32.5%. The number of modes are 9.5 which yields 4 fs coherence time for a

40 fs pulse length, adapted from Ref [FLA11].
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2.2 Seeding process in FEL

One approach to improve the longitudinal coherence of the SASE FEL is to seed the

electron bunch by an external fully coherence light source within an early undulator

section, see Fig. 2.5.

Figure 2.5: Seeding undulator by an external light source.

The energy exchange between the relativistic electron bunch and the light wave can be

expressed as follows [MP90]:

dγ

dt
= − e

mc
~E · ~β = − e

mc
Exβx (2.13)

where E is the electric field of the light wave and βx =
K
γ
cos(kuz) is the transverse compo-

nent of the electron velocity normalized to c. Here K and ku are undulator parameter and

wave number, respectively. For energy exchange the electron bunch velocity must have a

component parallel to the electric field of the wave. Assuming a plane wave with constant

amplitude which co-propagates with the electron bunch (Ex(z, t) = E0cos(klz−ωlt+ψ0)

one can rewrite Eq. 2.13 as follows:

dγ

dt
= − e

mc
Exβx

= − e

mc
E0cos(klz − ωlt+ ψ0)

K

γ
cos(ku)z

= −eE0K

2γmc
(cosψ − cosψ̄)) (2.14)

where ψ(t) = (kl+ku)z−ωlt+ψ0 is the ponderomotive phase and ψ̄ = ψ−2kuz is the fast

oscillating phase. If the undulator is sufficiently long the energy modulated beam converts

to the density modulated one and the electrons self-bunch at one radiation wavelength.

The same process happens inside an optical klystron where the three steps of energy

modulation, density modulation, and emission of coherent radiation occurs separately

within a modulator-undulator, dispersive section, and a radiator-undulator, respectively.
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2.3 Optical klystron concept as a tool for generation

of coherent radiation

Optical klystron (OK) is yet another concept which has been used to generate coherent

harmonic radiation [CD82]. An OK is constituted by two short undulators, separated

with a dispersive section. In the first undulator (the modulator), an electron beam is

interacting with the radiation field of an external laser, or by the spontaneous radiation

of the electron beam itself, receives an energy modulation which can be transformed to a

density modulation within a chicane and coherently enhances the emission of the radiation

in the following undulator (the radiator), Fig. 2.6.

Figure 2.6: Principle of operation of the optical klystron.

Assuming a normal distribution for the particles before the fist undulator (f0(P ) =

1√
2πσ2

E

e
− P2

2σ2
E ) the phase-space distribution in the first undulator becomes f(P, ψ), where

P = E − E0 is the energy deviation of the particles, σE is the slice energy spread and

ψ = 2πz
λ

is the phase of the particles. The distribution of the particles at the entrance of

the dispersive section is f0(P − P0sin(ψ)), where P0sin(ψ) is the induced energy mod-

ulation within the electron bunch. After the dispersive section, the particles with en-

ergy deviation of P will come to the new phase ψ − P dψ
dP

and consequently to the new

phase-space distribution of f(P − P0sin(ψ − P dψ
dP

)). Here dψ
dP

is the dispersion strength

parameter [Sal05]:

dψ

dP
=

2π

λ

dz

δE
(2.15)

=
2π

λ

R56

Ee

where Ee is the energy of the electron, and R56 = λ
2π

Ee

σE
is the optimum longitudinal

compaction factor. Here dz = R56
δE
E0

is the path length difference between particles with
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reference energy (E0) and particles with energy of (δE + E0). The δE can be due to

energy modulation with amplitude (P0) and also due to the energy spread (σE).

The integration of the phase-space distribution over the energy provides the beam density

distribution, and a Fourier expansion of that would reveal harmonic components of the

density modulation. The micro-bunching amplitude for the fundamental component of

the bunched beam current is given by [Sal05]:

a1 = 2J1 (P0
dψ

dp
) exp (−1

2
(
dψ

dP
)2σ2

E), (2.16)

where P0 is the amplitude of induced energy modulation, and P0
dψ
dP

= 2π
λ

R56

δ(E)
is the so

called bunching parameter. The Bessel function accounted to energy modulation (P0) and

the exponential term accounted to the energy spread (σE). When energy spread is negli-

gible the only contribution would come from the Bessel function. The normalized output

power of the first harmonic after a planar undulator can be obtained as follow [Sal05]:

Ŵ =
W

W0

= F (ND) (2.17)

=
2

π
{arctan( 1

2ND

) +Nln(
4N2

D

4N2
D + 1

)},

where ND = 2πσ2
r

λL
is the diffraction parameter and depends on the undulator length L,

the resonance wavelength λ and the transverse size of the electron beam σr.

The normalization factor W0 for the planar undulator is given by [Sal05]:

W0 =
K2

2 +K2

I

γIA

π2a2

2
A2
JJNuWb, (2.18)

AJJ = {J0(
K2

4 + 2K2
)− J1(

K2

4 + 2K2
)},

where Wb = mec
2γI0/e is the total power of the beam, Nu is the number of undulator

periods, IA ≈ 17kA is the Alfven current, Jn is the Bessel function of the nth order and a

is the amplitude of the modulation.

The radiation power from the modulated beam is above the incoherent radiation power

when the amplitude of modulation a exceeds the shot noise level:

a >
1√
NuNλ

(2.19)
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where Nλ = Iλ
ec
. The incoherent radiation power into the central cone can be estimated

by [Sal05]:

Wincoh = 4π2 eI

λ

K2

2 +K2
A2
JJ (2.20)

The enhancement of the power in the radiator can be used as an indicator for the overlap

between the electron bunch and the external seed laser field, which in this case provides the

modulating field in the optical klystron. The potential of this concept, as a fine resolved

method for finding the temporal overlap between two femtosecond pulses, is discussed

more quantitatively in Section 6.2.

2.4 Theory of the High-order Harmonic Generation

(HHG)

The physics behind HHG production can be understood with a semi-classical model.

In this process, a high intensity, low-frequency laser interacts nonlinearly with many-

electron atoms, and yields shorter wavelength, harmonic radiation. In HHG the atoms

are ionized in the strong field of the laser and an ion and free electron pair is produced.

The quasi-free electron accelerates in the field of the laser, and with the change in the

sign of laser field it is driven back to the atomic core, recombining with the ion. In

this process the kinetic energy of the electron Ekin together with the binding energy

is emitted as a photon with the frequency of ω = (Ekin+IP )
~

, where IP is the atomic

ionization potential [FLL+88, MGJ+87]. The three step model for generation of higher

harmonics [Cor93] is shown in Fig. 2.7.

This process repeats every half cycle of the driving laser, so that the emitted radiation is

periodic with a periodicity of 1.3 fs for the 800 nm driving laser.

The harmonic spectrum drops down for the first few harmonics and then it shows a plateau

over which the intensity is the same for the rest of the harmonics until it reaches a sharp

cutoff. The cutoff is a limit of the highest harmonic orders, which can be generated

efficiently. The maximum energy at the end of the plateau is Ωmax = Ip + 3Up where

Up =
E2e2

4mω2 is the ponderomotive energy in the laser field of strength E and frequency of

ω. Here m and e are the mass and charge of the electrons.
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Figure 2.7: Schematic of the HHG process. left: The strong laser field overcomes the Coulomb

barrier in the atom, so the electrons can tunnel out and become separated from the atom.

middle: The free electron accelerates in the field of the laser and when the sign of the field is

reversed (right), the electron accelerates back towards the nucleus, and during the recombination

process a photon with higher energy is emitted.

2.4.1 Phase matching

Harmonics which are generated in different positions in the medium must interfere con-

structively in order to build up the harmonic intensity. The condition for the phase

matching is:

∆~k = q~kL − ~kq = 0 (2.21)

where kL is the laser wave number, and kq is the wave number of the qth harmonic. If

this condition is not satisfied, the coherent growth of the harmonic would take place over

the coherence length, Lc = π/∆k as shown in Fig. 2.8.

The source of phase difference between the qth harmonic and the driving laser in a gas-cell

target can be classified as follows [All04, HMS+09, DRB+99]:

• Neutral gas dispersion, ∆Φ ≈ 2πP (1−η)δ(λL)
λ

,

where P is the pressure in atmosphere, η is the ionization fraction, δ(λL) is the dif-

ference between the indices of refraction of the gas at the fundamental and harmonic

wavelengths.
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Figure 2.8: left: The phase mismatch. Right: The growth of harmonic power as a function of

the longitudinal coordinate z [Lyt08].

• Plasma dispersion, ∆Φ ≈ PηNatmreλL,

where Natm is the number density in one atmosphere and re is the classical electron

radius. By tuning the gas pressure the contribution of neutral atom and electron

plasma can be canceled out.

• Geometrical phase shift, Φg(z, t) = q arctan( z
zR
),

where zR is the Rayleigh length of the driving laser. To avoid this so-called Guoy

phase shift one should use larger laser beam size, by de-focusing the beam. This in

turn means that higher laser energy is required.

• Single-atom dispersion, Φ(z, t)j = αj · I(z, t),
The single atom phase Φj which strongly depends on the coefficients of the long

and short trajectories (αj) and can be estimated as above for the plateau region,

for I ≈ 1014 W
cm2 .

The so-called long quantum trajectory results from the electrons which are ionized im-

mediately after the peak of the laser field and re-encounter the ion after a relatively long

excursion (up to full cycle of the laser). A short quantum trajectory results from the

electrons that are ionized shortly after the peak of the laser field and propagate for half a

laser cycle [ZL+08]. Their different responses to the variation of the laser intensity is the

source of HHG temporal and spectral incoherency. By varying the focusing conditions

and geometry, the two contributions can be distinguished to some extent [BLT+98]. The

HHG concept was chosen as a source of coherent radiation for the seeding experiment at

FLASH. The experimental setup is presented in more detail in Chapter 4.





3 Longitudinal electron beam diagnos-

tics at FLASH

The free electron laser in Hamburg (FLASH) is a user facility which produces ultrashort

photon pulses (50-200 fs)FWHM with wavelength down to 4.1 nm [Sch11b]. The average

single pulse energy is (10-400)µJ. The layout of the FLASH is shown in Fig. 3.1.

Figure 3.1: The Free-electron laser in Hamburg (FLASH), adapted from [Sch10a].

In FLASH the high-charge-density electron bunches which are required for the SASE

operation, are produced in the UV-laser-driven photo injector. The initial acceleration

happens in the RF gun cavity, with 1.3GHz resonance frequency. The electron bunch

is accelerated quickly to relativistic energies, to avoid the space charge effect that re-

pels them from each other, which can produce both bunch lengthening and emittance

growth. Electron bunches reach 1.25GeV after traversing seven accelerating modules.

As discussed in the previous chapter, three prerequisite conditions for the SASE process
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in an FEL are: high peak current, very low emittance, and small energy spread. To

reach high peak current, two bunch compressors are installed to longitudinally compress

the electron bunch at moderate energies. Bunch compression requires that the electron

bunches accelerate off-crest in the RF field and obtain an energy chirp. After the two

bunch compressor sections the electron bunch current rises to ∼ 2.5 kA. Afterwards, the

electron bunches enter the 27m long undulator section and, depending on the energy of

the electron and undulator characteristics, coherent radiation down to 4.1 nm can be pro-

duced. In the SASE FEL an ultrashort, high-peak-current relativistic electron bunch is

used to amplify its own spontaneous emission radiation in one pass through the undulator

until it reaches saturation. In order to monitor the longitudinal profile of the electron

bunch, which plays an important role in the SASE process, different experimental setups

are installed in the FLASH tunnel. In the 2009 shutdown, a third harmonic accelerating

module was installed in the FLASH tunnel. This module is employed to minimize the

correlated, nonlinear energy spread along the bunches. The cosine-like accelerating field

induces an energy spread over the length of the bunch. The 3rd harmonic of the funda-

mental frequency is used to linearize the RF field distribution in the vicinity of the bunch,

allowing more efficient bunch compression. Flattening also reduces the growth of trans-

verse phase space. The installed module at FLASH operating at 3.9GHz consists of four

nine-cell cavities [VAB+10]. With installation of this module, FLASH has obtained three

operation modes with long, intermediate, and short bunch length. Different diagnostics

for characterizing the longitudinal phase space are installed at FLASH, from which the

seeding project benefits. In this section a short description of each experimental station

is presented.

3.1 Optical Replica Synthesizer (ORS)

This method is used to measure the longitudinal profile of the ultra relativistic electron

bunches in FLASH by creating an optical pulse with the same longitudinal profile as

the electron bunch [Sal05]. This is achieved by energy modulating the electron bunch

with a relatively long external laser within a short undulator (the modulator, vertically

polarized), which produces spontaneous radiation with the same polarization as the laser.

After traversing a magnetic chicane, the energy modulated beam is converted to the

density modulated one. Following that the micro bunched electrons will emit coherent

radiation in the second undulator (the radiator, horizontally polarized) which is resonant

at the laser (or double) frequency [AZM+08]. Using frequency-resolved optical grating

techniques the electron bunch profile can be extracted from the optical pulse [Tre00].

Differing polarizations in modulator and radiator are used to separate the seed laser from
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the generated coherent radiation. The parameters of the ORS undulator is indicated in

Table. 3.1.

Parameter Value

Undulator period length 200mm

Max magnetic field 0.42T

Number of periods 5

Max K value 7.8

Gap diameter 38mm

Undulator length z=1m

R56 of the chicane 0 - 150µm

Laser pulse length (200 - 3000 fs)FWHM

Table 3.1: ORS experiment parameters.

A conventional fast photodiode and optical transition radiation (OTR) screens were used

to measure the temporal and spatial overlap between laser and electron in the modulator

section [AZM+08]. The amplitude of the energy modulation, phase-space distribution of

the particles in each step (modulator, dispersive section and radiator) and the enhanced

power are discussed in detail in Chapter 6.

3.2 Transverse Deflecting Structure (TDS)

The transverse deflecting structure (TDS) is used for mapping the longitudinal profile

of the bunch, slice emittance and correlated energy spread measurements [Bg11]. This

diagnostic is installed upstream of the FLASH undulator and consists of a vertical de-

flecting RF structure (2.856GHz) and a subsequent drift to a transverse profile monitor.

The transverse RF field in a cavity is used to separate the head and tail of the electron

bunch, and thus the TDS translates the longitudinal coordinate into the transverse one.

Use of a horizontal kicker and an off-axis screen make the parasitic operation of the TDS

with the FLASH operation possible. The theoretical resolution of the measurement is

10-50 fs [Bg11].
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3.3 Terahertz and Optical SYnchrotron radiation

LABoratory (TOSYLAB)

Downstream of the first bunch compressor, named BC2, the TOSYLAB beamline trans-

ports the full synchrotron radiation of the third magnet in the bunch compressor. A

crystalline quartz window, which separates the beam vacuum with the experimental sta-

tion, transmits a large fraction of the radiation spectrum. The coherent far-infrared and

incoherent visible synchrotron radiation from the FLASH bunch compressor is used to

measure the longitudinal profile and stability of the electron bunch [GBRS08]. Using a

conventional streak camera a direct time domain measurement has been performed with

resolution of better than 500 fs [Ham10]. For the accelerating phase of 6 ◦ forward of crest

in the first accelerating module, which is located upstream of the first bunch compressor,

the rms bunch length is measured to be about 2.5 ps [GBRS08].

3.4 Electro Optical Sampling (EOS)

In this non-invasive method the electric field of the electron bunches is used to extract

information about the longitudinal charge distribution of the electron bunch in the sub-

picosecond domain [CSS+05]. For a highly relativistic electron bunch moving in a straight

line in vacuum, the local electric field is almost entirely concentrated perpendicular to its

direction of motion [WMG+02, YMG+00]. Detection of this field as a function of time

at a fixed position therefore provides a way to determine the length and longitudinal

shape of the electron bunch. This electric field Er =
Z0c0Q
2πr

λ(z) induces birefringence in

a non linear Electro Optical (EO) crystal which is located in the vicinity of the electron

beam. The crystal display birefringence when an electromagnetic field is present (Pockels-

effect). The field of the electron is sampled with a (Ti:Sa) laser with 25 fs duration which

is focused on the crystal. By scanning the phase of the laser relative to the electron bunch,

the longitudinal profile of the electron can be determined. Using this method the bunch

profile is determined with resolution better than 100 fs [SC+05]. The synchronization of

the laser pulse and the accelerator RF has been achieved within (50-60 fs)rms [LAF
+08].

3.5 Synchronization system

At FLASH the electric field used for the acceleration can be employed for pulses up to

800µs length. Thus with spacing of 1µs, up to 800 bunches can be accelerated, a beam
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format which is called a bunch train and is shown in Fig. 3.2. Within a bunch train,

the repetition rate of the electron bunches is therefore 1MHz while the FLASH RF pulse

repetition rate is 10Hz.

Figure 3.2: The FLASH pulse temporal structure with 10Hz repetition rate. Each bunch train

can carry up to 800 bunches with minimum spacing of 1µs.

RF and optical synchronization have been implanted in the FLASH machine. The purpose

of the timing system is to trigger different devices of the accelerator on certain events.

These devices are typically gun, kickers, klystrons, data acquisition modules, external

lasers for the pump probe and seeding experiments, etc, which all need to be synchronized

with the RF. In addition, one of the most challenging task for the operation of the high-

gain FELs is the control and arrival time stability of the electron bunch at the entrance

of the undulator. The sources of the electron bunch arrival time jitter are the phase

and amplitude variations of the photo-cathod laser, the RF gun and superconducting

accelerating modules. The large compression factor required to achieve the peak current

in order of kA causes large arrival time jitter due to a small energy chirp. Therefore

at FLASH facility conventional RF and optical synchronization was implemented for

successful operation of the FEL. The reliable performance of the synchronization system

is the main step before realizing the seeding experiment. The layout of the synchronization

system installed at FLASH is shown in Fig. 3.3.

The Bunch Arrival time Monitors (BAMs) are installed in 4 stations of the machine.

The (BAMs) are used to determine the arrival time of the electron bunch relative to the

optical timing reference [BFG+10]. The BAM key component is based on the commercials

Mach-Zehnder type Electro-Optical-Modulator (EOM). In this regard four button-type

electrodes are mounted around the vacuum chamber to pick up the signal. The opposing

electrodes cancel the effect of the electron beam position on its arrival time [HSL07]. The

traversing electron bunch induces a voltage in the beam pickups which is transferred into

a laser amplitude modulation. This modulation is measured with photo-detectors and
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Figure 3.3: The laser based synchronization system installed in FLASH tunnel. The bunch

arrival time monitors (BAMs) which are installed in four stations are used to determine the

arrival time of the electron bunch relative to the optical timing reference [SBP+11].

sampled by a fast ADC. The reference optical laser is adjusted such that it samples the

pickup signal at its zero crossing.

By use of the beam based feedback the stability of the electron bunch arrival time for

100 bunches is shown in Fig. 3.4; the measured stability of the electron bunches is within

(25 fs)rms. Without feedback the arrival time jitter is approximately (50-70) fs.

Figure 3.4: The Arrival time jitter of the electron bunches as determined by the BAM, using

beam based feedback. The measured stability is better than (25 fs)rms. Without feedback, the

arrival time jitter is approximately 50 fs. Due to latency of the feedback system, a couple of

bunches in the train is required to reduce the jitter. The bunch distance is about 1µs, taken

from [SBP+11].
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Due to latency of the feedback system a couple of bunches in the train is required to reduce

the jitter. The bunch distance is 1µ s. The arrival time stability of the electron bunch is

limited by path length changes in the magnetic chicanes used for bunch compression. For

the FLASH machine, an electron beam timing jitter of 60 fs translates into tight tolerances

on the amplitude and phase stability of the RF in the most critical accelerating cavities

of 10−4 and 0.03
◦

, respectively [SgK+07].
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seeding experiment

As discussed in Chapter 2, the high-order harmonic generation (HHG) approach can

be used as a source of coherent short-wavelength radiation. Using this radiation as a

seed pulse, the longitudinal coherence of the FEL output can be improved by removing

the random spikes both in the temporal profile and frequency domain spectra of SASE

radiation. Putting this principle into practical application, a seeding experiment has been

conducted at FLASH (sFLASH) in order to improve the following aspects:

• High brightness and peak flux;

• Temporal coherence of the FEL output pulse;

• Improve the synchronization in pump-probe performance;

• Reduction of the undulator saturation length.

Fig. 4.1 shows the configuration of the seeding experiment, which has been installed at

FLASH during the shutdown of 2009. The XUV pulse (λs =38nm) is generated with the

HHG process, which is a nonlinear interaction of a high power Near-Infrared (NIR) laser

field (λL = 800 nm) with Argon (Ar) gas. The XUV beam is transported into the FLASH

tunnel using grazing incidence mirrors. The XUV beam can be focused at different points

along the undulator, using different focusing multilayer mirrors (f =6.25m; 7m; 8.5m)

which are remotely exchangeable.

The interaction of the electron bunch and the seed pulse within a 10m long undulator

section produces coherent radiation, which can be detected with a spectrometer in the

out-coupling beamline. The pre-requisite condition for the seeding experiment is the six-

dimensional phase space overlap, (x, y, x′, y′, E, and t) between the seed pulse and the

electron bunch. To this end, the longitudinal overlap setup is installed upstream the

seeding undulator. The transverse overlap diagnostics are installed at different positions
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along the beamline and within the undulators. The XUV spectrometer installed at the

extraction beamline is used for the spectral overlap between the seed pulse and the SASE

radiation generated in the seeding undulator. The operation principle and the first results

are discussed in detail in this chapter.

Figure 4.1: Schematic layout of the sFLASH section: The grazing-incidence mirrors are used

to transport the generated XUV pulse (38 nm) to the electron beamline. A focusing multilayer

mirror is focusing the beam within the first undulator. This focusing mirror is remotely exchange-

able between different focal lengths ( f = 6.25m; 7m; and 8.5m ). The XUV and sFLASH FEL

and SASE pulses can be resolved in the spectrometer. The setup for the coarse and fine temporal

overlap and other diagnostics for the transverse overlap are also shown.

4.1 Seed drive laser

The 21st harmonic (H21) of a Titanium:Sapphire (Ti:Sa) laser is used as a seed pulse in

the sFLASH experiment. The seed pulse is generated by focusing the NIR laser into an

Ar gas target. The drive laser system is based on Chirped Pulse Amplification (CPA)

of a Ti:Sapphire laser operating at a repetition rate of 10Hz. Its central wavelength

was measured to be approximately λL =800 nm, and the root-mean-square (rms) pulse

duration is σzL =(14.06 ±0.08) fs. In CPA technique the ultrashort laser pulse is stretched

out in time prior to the gain medium using a pair of gratings. Then the stretched pulse,

whose intensity is sufficiently low compared with the intensity limit of gigawatts per square

centimeter, is safely introduced to the gain medium and amplified. Finally, the amplified
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laser pulse is re-compressed back to the original pulse width through the reversal process

of stretching, achieving orders of magnitude higher peak power than laser systems could

generate before the invention of CPA [SM85]. The schematic layout for the seed drive

laser is shown in Fig. 4.2.

Figure 4.2: Seed drive laser layout. The ultra short laser pulses (λ=800 nm) are generated

based on CPA technique. The reflective and transmissive compressors are used to generate ultra

short laser pulses with σzL=14 fs duration. Using an iris, the optimum laser pulse intensity is

coupled into the gas cell.

The initial component of the laser system is a mode locked oscillator, and is synchronized

to a 81MHz master oscillator with an electronic feedback loop, followed by a regenerative

amplifier and a compression system. The laser pulse compression takes place in two

steps. The laser pulse is compressed down to few hundreds of femtoseconds, by means of a

reflective compressor in air and then it is compressed down to (14 fs)rms by the transmissive

compressor which is placed in vacuum to avoid breakdown. The first compressor is placed

a few meters before the HHG chamber and the second one is located in vacuum within the

HHG chamber. The reason for using two compressors is the tendency of a femtosecond

laser pulse to break up into filamentary structures due to self-phase modulation as it

passes through different optical material. The filamentation occurs due to the growth of

small perturbations in the laser wavefront [BT66].
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4.1.1 Synchronization with master oscillator

In order to synchronize the HHG drive laser, part of the NIR laser oscillator is sent to a

fast photodiode for the synchronization to the laser with the electron bunch, see Fig. 4.3.

The photodiode signal is filtered and sent back to a Phase Locked Loop (PLL) circuit.

This feedback system controls the phase of the laser oscillator relative to the RF signal

of the FLASH Master Oscillator (MO), by changing the cavity length. The signal of the

photodiode is coupled to a mixer together with the MO signal. The product of both

signals, which are sent to the mixer are described as follows:

sin(ωLt+ φL) · sin(ωRF t+ φRF ) =
cos[(ωL + ωRF )t+ (φL + φRF )]

2
− cos[(∆ω)t+∆φ]

2
,

where ∆ω = ωL − ωRF and ∆φ = φL − φRF are the frequency difference and the phase

difference between the seed laser oscillator signal (index L) and RF signal of master

oscillator (index RF ), respectively. The RF low pass filter blocks the fast frequency

components (ωL + ωRF ). The output voltage of the mixer is thus proportional to the

phase difference between the two input pulses. A proportional-integral-derivative (PID)

controller compensates the phase difference by changing the phase of the laser relative to

the MO signal .

A vector modulator is used to manually adjust the timing of the laser relative to the RF

signal. The vector modulator is in principle a phase shifter which controls the phase of

the signal via analog or digital commands [VM10]. The minimum jitter of the NIR laser

relative to the RF is measured to be about (65 fs)rms. The relative jitter of the electron

bunch and the RF signal of the MO is also varied from (65 fs)rms to (200 fs)rms with the

feedback on, depending on the operation mode of the machine [BFG+10].

4.2 HHG source Characterization

Maximum conversion efficiency can be obtained by optimizing the laser intensity, gas

pressure, and position of the gas jet relative to the laser focus, as was explained in Chap-

ter 2. The energy of the NIR laser after the second compression is EL=22mJ. The laser

intensity is optimized by an iris and focused into the pulsed gas-cell, as shown in Fig. 4.4.

Different schemes are designed and constructed to focus the NIR laser into the gas cell

with the focal lengths of fL=1.5m, 2.5m, 3m, 3.5m, 5m, and 7m. For the case of

fL=3m it was observed that the maximum HHG yield occurs when the gas cell is placed

60mm before the focal point of the laser [Mit11]. The experiment showed that the HHG
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Figure 4.3: Synchronization layout of the NIR laser oscillator with MO. A part of the NIR

laser oscillator signal (81MHz) is sent to the fast photodiode. A bandpass filter selects the 16th

harmonic. This signal together with the RF master oscillator (1.3GHz) are mixed together. The

fast frequency components are blocked using a low-pass filter. The PID controller compensates

the phase difference between the two incoming signals. The vector modulator can be used to

change the relative phase of the laser pulse with respect to the MO manually.

yield is maximized when the gas jet is placed in the converging part of the laser beam.

Accordingly the laser pulse with the optimum energy and focal length is focused into the

gas cell in the HHG target chamber. The current length of the gas cell is 50mm.

The residual gas density which exist in the second HHG chamber (10−5Torr) is used

to measure the energy of the generated HHG pulse using a High-order Harmonic meter

(HH-meter). The generated HHG pulse is directed either to the adjacent FLASH tunnel

or, using two pairs of triplet mirrors, to the diagnostic station in the lab. The diagnostic

station is equipped with a Hartmann wavefront sensor, XUV-spectrometer and a XUV-

CCD camera. The spectra of the HHG radiation measured with the spectrometer in the

lab is shown in Fig. 4.5.

An aluminum filter is placed in the beamline. Excluding the contribution of oxide layer,

this filter has about 40% transmission for the 11th harmonic, zero transmission for the

lower orders, and approximately 60% transmission for the higher order harmonics. The

minimum estimated energy of the 21st harmonic EH21 was measured with different diag-

nostics, see Table 4.1. The energy and photon-number plateaus provide a lower and an

upper limit for the energy of the 21st harmonic. The error of each individual measurement

is also calculated in terms of error propagation. The big uncertainty in the HHG-meter

measurement is mainly due to shot-to-shot harmonic fluctuations. For more information

the reader is directed to Ref. [Mit11]. The energy stability of the HHG pulse is measured

to be about σH21 = 25%. The divergence of the HHG pulse is measured in the laser

laboratory using an XUV-CCD camera. The plane and focusing multilayer mirrors which
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Figure 4.4: HHG setup used for sFLASH: The NIR laser (red arrow) is sent to the target

chamber containing the pulsed gas nozzle. The channel is filled with Ar gas at a repetition rate

of 10Hz. Different schemes can be used for focusing of the NIR laser into the gas channel. The

HHG beam is directly transferred to the adjacent FLASH tunnel. Alternatively, the XUV beam

can be directed to the diagnostic station using two pairs of triple mirrors, taken from Ref [Mit11].

were installed in the transport beamline, were used to image the far field and near field

of the H21. The elliptical shape of the HHG pulse determines two divergences relative to

the wide and narrow axis of the ellipse as indicated in Table 4.2.

Diagnostic with energy plateau with photon-number plateau

CCD camera EH21 ≥ (0.23± 0.03) nJ -

HH-meter EH21 ≥ (0.5± 0.1) nJ EH21 ≥ (14.9± 2.2) nJ

XUV-Photodiode EH21 ≥ (1.4± 0.4) nJ EH21 ≥ (2.4± 1.2) nJ

Table 4.1: The energy of the generated XUV pulse with and without assumption of the

plateau [Mit11].

f =1.5m f = 3m

θnarrow ≤ (0.34± 0.01)mrad θnarrow ≤ (0.56± 0.01)mrad

θwide ≤ (0.78± 0.01)mrad θwide ≤ (0.84± 0.03)mrad

Table 4.2: HHG divergence for different focusing mirrors [Mit11].

The energy of the NIR laser is measured to be (22.1±1.3)mJ for the iris diameter of

24mm, for the f=3m case. The energy stability of the NIR laser is measured to be
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Figure 4.5: Spectrum of higher-order harmonics generated in Ar gas by two different NIR

focusing mirrors, adapted from Ref. [Mit11].

better than 5% rms. To measure the laser beam quality a CCD camera was placed at the

position of the gas-cell. After scanning 20 points over 250mm around the laser focus, the

M2, beam waist and the Rayleigh length were calculated, as given in Table 4.3:

Parameter Value (f=1.5m) Value (f=3m)

M2
x 1.11±0.05 1.12±0.02

w0x(µm) 107 ±4 173±2

zRx (mm) 41 ±5 105 ±4

M2
y 1.62±0.08 1.87±0.05

w0y(µm) 97 ±6 186 ±4

zRy (mm) 23 ±4 75 ±5

θLx(mrad) (2.64±0.05) (1.65±0.02)

θLy(mrad) (4.25±0.08) (2.56±0.05)

Table 4.3: HHG drive laser parameters, [Mit11].

4.3 Transport beamline

The HHG radiation is coupled to the electron beamline by using four grazing incidence

mirrors (1"). Half of the mirror substrate is coated with TiB4C for 38 nm and the other
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half is coated with the MoB4C for 13 nm. The first plane mirror reflects the beam up-

wards at an incident angle of 13.9 ◦ to a spherical multilayer mirror nearly at normal

incidence. Afterwards, the next three mirrors bend the HHG radiation by a total angle

of 84 ◦ [Böd11]. A schematic layout for the transport beamline is shown in Fig. 4.6.

Figure 4.6: HHG transport beamline. The NIR laser and HHG beams are directed from the

laser lab to the adjacent FLASH tunnel using two mirror chambers. The first chamber contains

a grazing incidence mirror and sends the beam upwards, to the same height of the electron

beamline. In this chamber a CCD camera, an XUV photodiode, and a YAG screen are installed

for beam characterization. Three other grazing incidence mirrors in the second chamber bend

the beam by a total angle of 84 ◦. The focusing mirror station in this chamber is also remotely

adjustable in order to change between different focal lengths, f=6.25m, 7m, and 8.5m [Böd11].

The focusing of the HHG beam within the undulator can be performed by using different

normal incidence focusing mirrors. The focusing mirrors are coated with multi-layer

coatings of (Sc/Si+B4C) and (Mo/Si+B4C) to focus radiation at the wavelengths of 38 nm

and 13 nm, respectively. The overall transmission of the beamline at 38 nm is estimated

to be 20% [B+10]. In addition to the XUV mirrors a dielectric coating mirror, which is

optimized for the wavelength of λ =800 nm, is installed to focus the NIR laser at the

beginning of the modulator-radiator setup for the synchronization purposes. The focal

length of this mirror is f =5m.
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4.4 Undulator section and photon beamline

The FEL component of sFLASH consists of a 10m long variable-gap undulator, with

three 2m long undulators (Type U32), followed by a 4m long undulator, (Type

U33) [DHMR+09]. In Table 4.4 the relevant undulator parameters are listed. Phase

shifters and moveable quadrupoles are installed between undulators to correct the phase

advance of the electron bunch relative to the seed pulse as well as the transverse focusing

of the electron beam. The undulator intersections are 70 cm long and are equipped with

different diagnostics to characterize the spatial beam properties.

U32 U33

Min gap 9.0mm 9.0mm

Period length λu 31.4mm 33mm

Kmax 2.72 3.03

Number of poles 120 240

Table 4.4: Parameters of the seeding undulators.

The seeding undulators deflect the electron bunch in the horizontal plane and therefore the

horizontal electric-field component of the HHG pulse would interact with the electrons.

At the source the NIR pulse as well as HHG pulse are 99.8% horizontally polarized. Due

to geometry of the transport beamline the polarization of the beam would change slightly.

That means, for the fully horizontally-polarized HHG pulse at the source, electric field

components parallel (Ex) and perpendicular (Ey) to the deflection plane of the undulator

would be about 45% and 15% of the input field at the source, respectively. For the fully-

horizontally polarized beam at the source, the transmission of the beamline at 38 nm is

estimated to be 20% [Böd11].

After the undulator section a magnetic chicane separates the electron bunch from the seed

pulse vertically. The XUV and undulator radiations are directed into a XUV spectrometer

using grazing incidence mirrors, see Fig. 4.7. The carbon-coated Si plane mirrors are used

to reflect the beams. The reflectivity at a grazing angle of 5 ◦ is larger than 85% [SJ+04].

The photon beamline continues with the first diagnostic chamber which is equipped with a

YAG screen and an alignment paddle. Following that, the switching mirror chamber sends

the radiation either to the diagnostics branch, which includes the XUV spectrometer and

the intensity monitors, or into the experimental hutch, where time resolved pump-probe

studies can be performed [CAB+09].

To measure the gain of the seeded radiation, three Multi Channel Plates (MCPs) are
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installed in the diagnostics branch. The scattered radiation from a gold mesh is directed

to the MCPs in different geometrical position. The spectrometer with gold-coated grating

and 3 ◦ of incidence, is capable of measuring a single shot spectrum. The slit size of

the spectrometer is adjustable from 5µm to 500µm. The measured resolution of the

spectrometer is δλ/λ = 600 [Cur11].

Figure 4.7: Schematic of the extraction beamline: The FEL and HHG radiation coming from

the right are deflected with the first mirror-chamber and then pass through the diagnostics block.

The second mirror-chamber deflects the radiations either to the laser hutch for time-resolved

experiments or to the diagnostics branch which includes a spectrometer and MCPs. The gold

coated grating of the spectrometer is placed behind the slit, see figure down right. The MCP is

tangent to the Rowland circle. Data readout is done with a CCD which is connected with a fiber

tapers to the phosphor screen. The MCP-phosphor assembly can be placed at any position along

the Rowland circle to detect the wavelengths from 4 nm to 40 nm. The measured resolution of

the spectrometer is δλ/λ =600

.

The mentioned-above spectrometer was used for finding the spectral overlap between

HHG and sFLASH SASE radiations. In addition, it was used to demonstrate the en-

hanced seeded signal and to compare it to the background SASE radiation, upon fully six

dimensional overlap between HHG pulses and electron bunch which is explained in the
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following section.

4.5 Six-dimensional overlap of phase-space distribu-

tion

For achieving the seeding, sufficiently accurate spectral, transverse, and longitudinal over-

lap between the HHG radiation and the electron bunch at the entrance of the seeding

undulator is required. To achieve that, the orbit of the electron bunch with beam energy

of Ee = 700MeV was tuned along the entire length of the machine in order to establish

the SASE signal with energy of (≥ 50µJ) from the FLASH FEL undulators. After dis-

persion compensation the SASE spectrum was recorded to redetermine the electron beam

energy. Thereafter, the TDS was used to measure the longitudinal distribution of the

electron bunch. Literally for achieving the temporal overlap between HHG pulse and the

electron bunch, the duration of the electron bunch should be longer than its longitudinal

jitter relative to the HHG pulse. As the next step, the seeding undulators were closed to

the correct gap and the electron beam was steered around the extraction mirror, which is

located downstream of the seeding undulators. The further tuning has been done to re-

correct the orbit of the electron bunch and to reduce the losses. After the tuning process,

the six-dimensional phase space overlap was achieved by employing the following steps.

4.5.1 Transverse overlap

According to the tolerance studies for the seeding experiment at FLASH, the angular and

transverse deviation of the seed pulse and the electron bunch along the undulator should

be suppressed within 35µm and 20µrad, respectively [MAB+08].

Therefore four diagnostic stations for the transverse overlap are installed before each of

the seeding undulators, see Fig. 4.1. Each of the stations is equipped with a Beam Position

Monitor (BPM), an Optical Transition Radiation (OTR) Si-screen to map the electron

bunch profile, and a YAG screen for monitoring the HHG radiation profile. The first three

stations are provided with electron-multiplying CCD (EMCCD) cameras to improve the

imaging of the low intensity HHG radiation. Wire scanners have been installed in the

first two diagnostics stations and they were used to benchmark the measurements with

the screens.

The alignment laser (λ=500 nm) which is installed in the tunnel and the NIR laser were

used for the pre-alignment. Afterwards, the HHG radiation was propagated to the spec-
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trometer in the extraction beamline. The transverse alignment between the two beams

was done with remotely accessible motorized mirrors in the transport beamline.

The measured horizontal and vertical waist sizes of the HHG radiation within the first

seeding undulator are w0x =(0.409±0.098)mm and w0y =(0.651±0.187)mm respectively,

for the case of f =6.25m [Böd11].

The transverse overlap between the seed pulse and electron bunch was achieved with the

accuracy about 50µm and 50µrad [Böd11].

4.5.2 Spectral overlap

After transverse overlap of the HHG radiation with the electron bunch inside the undula-

tors, the spectrum of the HHG radiation was recorded using the XUV spectrometer. To

maintain the spectral overlap two approaches were followed:

• Tuning each undulators individually in order to overlap the spectrum of spontaneous

radiation with the HHG spectrum;

• Closing all four undulator gaps based on previously done magnetic calibration.

Because of the large distance between the first undulator and extraction mirror and weak

intensity of the undulator radiation, an aperture could not be used to limit the bandwidth

of the radiation. Therefore, for the first case, the accuracy of the measurement would

decrease due to contribution of the off-axis undulator radiation [AAB+11]. For the latter

case, the gaps of all four undulators were adjusted simultaneously using the calibration

curve till the sFLASH-SASE was achieved. The orbit was corrected in order to have

just the on-axis radiation in the spectrometer. Using the same calibration curve, the

wavelength of the observed SASE radiation in the spectrometer was moved toward the

wavelength of the H21. In Fig. 4.8, the single shot SASE-FEL spectrum and the average

spectrum over 2000 shots are shown. For comparison the measured spectrum of the HHG

radiation is shown in Fig. 4.9.

The actual resolution of the spectrometer is λ/∆λ = 600, this means that at 38 nm one

can resolve approximately 0.063 nm. The measured spectral bandwidth of SASE-FEL

radiation and HHG radiation are compared in Table 4.5.

The bandwidth of SASE-FEL radiation can be estimated analytically using Eq. 2.9. For

the electron energy of Ee =700MeV, σr =60µm and λr =38.6 nm , the gain length, the

FEL parameter and the bandwidth at saturation are Lg =0.42m, ρ = ∆λ
λ

= 3.6× 10−3

and ∆λ ∼ 0.14 nm, respectively. According to Fig. 2.3 the SASE-FEL bandwidth before
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Figure 4.8: Several single shot SASE-FEL spectrum measured with the spectrometer in the

extraction beamline. The red curve shows the average over 2000 single shots.

saturation is estimated to be δλ = λr
N
(ρN)1/2 =0.13 nm, where N =312 is the total

number of undulator-periods.

The comparison between the measured SASE-FEL bandwidth with the result of analytical

estimation shows that the FEL did not enter the saturation regime. Even in this regime

the bandwidth of SASE-FEL and HHG radiation is comparable, therefore narrowing of

the seeded signal in the XUV-spectrometer will be hardly detectable.

(∆λ (nm))FWHM
∆λ
λ

SASE-FEL (single shot) 0.28±0.05 (7.2±0.5)×10−3

SASE-FEL (Mean spectrum) 0.62±0.05 (16.1±0.5) ×10−3

HHG-radiation (single shot) 0.2±0.1 (5±2) ×10−3

Table 4.5: Spectral bandwidth of the SASE FEL in comparison with the HHG radiation, esti-

mated from the measurement.
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Figure 4.9: The bandwidth of HHG radiation spectrum detected at the spectrometer after the

seeding undulators.

4.5.3 Longitudinal overlap

One of the crucial tasks for seeding is finding the longitudinal overlap between the seed

pulse (σs ≃ 8.5 fs) and the lasing part of the electron bunch distribution (σl < 100 fs).

Two techniques are employed to achieve the temporal overlap at sFLASH. Firstly, a

streak camera based approach measures the arrival times of the NIR laser pulse and the

electron bunch (using spontaneous undulator radiation) with sub-picosecond resolution.

The spontaneous radiation is taken from the first undulator of ORS experiment (5 periods,

200 cm periodic length, 1m total length) which carries information about the arrival time

of the electron bunch [SSS07] .

Secondly, for a finer resolution, a modulator-radiator based system is used in which the

laser imprints an energy modulation onto the electron bunch within the modulator sec-

tion. The energy modulated beam passes through a dispersive section, where the energy

modulation converts to a density modulation. In case of overlap between the external seed

laser and the electron bunch, coherent light will be produced in the radiator, a process

similar to that occurring in an optical klystron. The generated coherent light imprints

the temporal overlap with femtosecond resolution.
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Since this part of the overlap system is the main topic of this thesis, the simulations,

tolerance studies, analytical approaches, as well as the construction work, and the exper-

imental results on this subject are discussed in detail in the following chapters.





5 Theoretical investigation on the lon-

gitudinal overlap between electron

beam and seeding pulse

5.1 Tolerance studies on the longitudinal jitter using

GENESIS

As was explained in the previous chapters, one of the major step to do the seeding

experiment is finding the longitudinal overlap between the seeding pulse with rms length

of σs ≃ 8.5 fs and the electron bunch. The longitudinal distribution of the electron bunch

depends on the charge, on the phase and amplitude of the accelerating modules and also

on the third harmonic cavity which has been newly installed in the FLASH machine.

Due to the mean longitudinal jitter of electrons (σje ≃ 70 fs) and HHG pulse (σjs ≥
65 fs) relative to the RF, an appropriate electron bunch length is desired to overcome the

existing uncertainties. In addition further simulation studies are needed, since the lasing

part of the electron bunch distribution is not fully known, due to energy spread. The goal

of the simulation presented in this section is to show the sensitivity and resolution which

is needed for finding the longitudinal overlap between the two pulses. The footprint of the

electron bunch characteristics in the final result and the impact of the longitudinal jitter

on the overall output is also studied. Following this simulation the statistical analysis is

presented which shows the probability of finding the longitudinal overlap in presence of

different longitudinal jitters of arrival time for the two pulses.

For this reason in the first step an electron bunch which has been used in one of the

commissioning shifts is used as an input file for the simulation together with a normal

Gaussian distribution as the seed pulse. As a comparison the longitudinal electron bunch

distribution, taken from start-to-end simulation is also used. The advantage of the latter

distribution is that the emittance of the electron bunch is also taken into account.
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5.1.1 Simulation result using measured electron bunch distribu-

tion

Due to random relative jitter between the electron bunch and the seed pulse, in different

instances the seed pulse will hit different parts of the electron bunch distribution. The

interaction of two pulses in different longitudinal positions along the bunch is simulated

using the GENESIS code [Rei99], to demonstrate the impact of this jitter on the output

power.

As an input file for this simulation a Gaussian temporal profile is assumed for the seed

pulse with σs ≃ 8.5 fs. Using the Transverse Deflecting RF-Structure (TDS) [Bg11] the

electron bunch length, slice energy spread and bunch current were extracted and used as

an input for the simulation, see Fig. 5.1.
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Figure 5.1: A typical electron bunch distribution taken from the measurement is plotted in

black. The seed pulse in red dashed-line is shown in two random positions along the electron

bunch with energy of 700MeV and charge of 400 pC.

The mean energy of the electron bunch was measured to be Ee =700MeV with a charge

of 400 pC. The simulation examines the FEL performance in the first three undulators,

which have a period length of λu=3.14 cm and total length of 8.15m (including intersection

areas). Under these conditions, the resonance wavelength of the undulators agreed with

the seed wavelength, λres =38nm. The Rayleigh length of the seed field was assumed to

be zR =1.55m (at the waist in the beginning of the undulator, zwaist =0). The seed beam

waist radius (with M2 =1) can be computed as [SDR08]:
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w0 =

√

zR · λres
π

= 136.9µm

For the electron bunch with defined rms transverse normalized emittances of

(ǫnx=ǫny =2mm-mrad) and beta functions of (βx=6m, βy=7.5m), the transverse electron

beam sizes would be:

σex =

√

βxǫn
γ

= 93.6µm

σey =

√

βyǫn
γ

= 104µm

The energy spread and mean deviation from the mean energy within the bunch are plotted

in Fig. 5.2. The coupled seed pulse energy in the beginning of the seeding undulator is

estimated to be 10 pJ.
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Figure 5.2: Left: rms energy spread (σγ), Right: mean deviation from the mean energy (< γ >

−γ0) taken from the measurement. The graphs show 3.5MeV energy spread and about 1MeV

energy deviation at the peak of current distribution.

As is shown in Fig. 5.2 at the point with the peak current (∼ 300 fs) there is a relatively

large energy spread σE=3.5MeV and mean deviation about 1MeV, both of which affect

the interaction process between electron bunch and seed pulse. For this reason, the

simulation is repeated for different longitudinal positions of the seed pulse along the

electron bunch, separated by steps of approximately 33 fs. The effects of relative jitter

on the total output power and spectrum is plotted in Fig. 5.3 and Fig. 5.4, respectively.

The peak FEL power occurs at the point with the minimum energy spread and mean

deviation from mean energy along the bunch (ts =450 fs) and not at the position of the
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peak current (ts =340 fs), see Fig. 5.3. The seeded signal at the exit of the undulator

is appeared approximately 17 fs ahead of the initial seed position. The slippage of the

38 nm seed light over 6m undulator section with total number of periods of Nu = 191

is tslippage = λr×Nu

c
∼ 24 fs. The time difference can originate from the contribution of

amplified SASE background with the seeded pulse.
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Figure 5.3: Total power of the seeded radiation pulse as a function of seeding pulse injection

time.

Another aspect of the FEL performance is indicated in Fig. 5.4, in which changes in the

spectrum of the seeded signal are considered as a function of seeding pulse injection time.
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Figure 5.4: The spectrum of simulated seeded pulses as a function of seeding pulse injection

time.

The energy-contrast for different seeded points along the electron bunch is plotted in

green bars in Fig. 5.5. The spectral contrast, which is shown with orange bars in the

same figure, is defined as the ratio of the maximum of the seeded pulse spectrum to the

maximum of the SASE background, at resonance wavelength within 0.1 nm bandwidth.



5 Theoretical investigation on the longitudinal overlap between electron beam and seeding
pulse 51

100 200 300 400 500 600 700 800 900
−5

−3

−1

1

3

5

7

9

11

Longitudinal coordinate [fs]

 

 
Electron beam current [× 200 A]
<γ>−γ

0

E
seeded pulse

/E
SASE

(Max P(λ)
seeded pulse

/ Max P(λ)
SASE

) in 0.1nm BW

σ
E

Figure 5.5: The contrast of seeded pulse and SASE background.

The electron bunch distribution, energy spread and mean deviation from mean energy are

also plotted for comparison. The systematically low contrast is due to the low estimated

coupled energy between electron and seed pulse in beginning of the seeding undulator. For

the points in which the relative jitter is bigger than 66 fs, the contrast drops drastically.

Observing the FEL output with the MCPs installed on the extraction beamline, this

contrast maybe hard to observe due to fluctuations in the SASE signal. As was shown in

Fig. 2.4, the fluctuation in FEL pulse energy is approximately 32.5%. This result shows

that the observable contrast between SASE and seeded pulse (spectrally and also in the

power point of view) depends strongly on the electron bunch properties such as energy

spread, and also the relative longitudinal jitter between two femtosecond pulses. This

gives rise to the need for higher beam arrival time stability, and also implementing a

diagnostic method having better than 100 fs resolution for the overlapping process.
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5.1.2 Simulation results using an electron bunch taken from

start-to-end simulation

In this section, a different approach is discussed to obtaining the electron bunch distri-

bution, in which a phase space distribution is taken from the output of a start-to-end

beam dynamic simulation [Zag09]. The electron bunch distribution, energy spread and

mean deviation at the exit of the third seeding undulator obtained in this manner are

presented in Fig. 5.6. Energy spread along the bunch is less than 1.5MeV and the mean

energy deviation along the bunch varies up to 2.5MeV in the central part of the bunch.

The transverse normalized emittances in x and y directions are ǫx = 1.67mm-mrad and

ǫy = 1.34mm-mrad, respectively. The charge of the electron bunch was 1 nC for both

measured and simulated electron bunch distributions. The duration of the electron bunch

is about 500 fs for both cases. The energy of the electron bunch for the measured distri-

bution and simulated one were 700MeV and 1GeV, respectively.
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Figure 5.6: Left: The normalized rms energy spread of the electron bunch distribution taken

from start-to-end simulation. Right: the mean deviation form the mean energy. The electron

bunch distribution is plotted in black.

The electron bunch distribution taken from start-to-end simulation is used as an input

for the GENESIS simulation. The energy of the seed pulse is assumed about 10 pJ at the

entrance of the seeding undulator. The spectrum and output power of the seeded signal at

the exit of the third undulator are shown in Fig. 5.7. The colored circles in Fig. 5.7(b) show

the expected position of the seeded signal, considering the slippage effect. Enhancement

in those points are hardly observable.

The same approach was applied to estimate the power and spectral contrast of seeded

signals relative to the SASE background, see Fig. 5.8. Due to low seed pulse energy,

which is in shot noise level of SASE, the power enhancement of the seeded pulse is not

perceptible.
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Due to the intrinsic relative jitter between two pulses, the chance to observe the enhanced

signal gets even smaller. As a consequence an analytical study is presented in the following

section to show the probability of the overlap between jittery pulses.
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tion of the seeded pulse, considering the slippage effect.

Figure 5.7: The output power and spectrum of the seeded pulse relative to the SASE background

for the electron bunch distribution taken from start to end simulation. The simulation is repeated

for different seed pulse injection time along the longitudinal coordinate of the electron bunch.
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Figure 5.8: The contrast of seeded pulse and SASE background for the electron bunch taken

from start-to-end simulation.

5.2 Statistical analysis of the jitter effects

5.2.1 Analytical approach

As was discussed above, due to the intrinsic longitudinal jitter of the laser σjl ∼ 100 fs

and the electron bunch σje ∼ 70 fs the task of finding temporal overlap between these two

short femtosecond pulses plays an important role in enabling the seeding experiment. The

seeded FEL is a linear amplifier before reaching to saturation, so the output should be

proportional to the convolution of the seed pulse and the electron bunch. For a better

understanding of a probable longitudinal overlap between these two pulses, an analytical

and statistical study is presented in this section.

One of the most important concepts in Fourier theory, the convolution, can be used here

to determine the amount of overlap between the seed pulse and electron bunch, which is

indicated in Eq. 5.1,

Cs,e(τ) = fe(t)⊗ fs(t) =

∫ ∞

−∞
fe(t) · fs(t− τ) dt (5.1)

Here the convolution Cs,e(τ) between electron bunch and seed pulse is a function of τ ,
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which is the temporal offset between two pulses, see App A. Thus the information about

the longitudinal overlap between two pulses, which are subject to relative random jitter

τ , will be embedded in this convolution function. The functions fe(t) and fs(t) are the

longitudinal distribution of the electron bunch and the seed pulse, respectively, which are

assumed to have a Gaussian distribution:

fs(t) =
1√
2πσs

e
− (t−µs)

2

2σs
2 , fe(t) =

1√
2πσe

e
− (t−µe)

2

2σe
2 (5.2)

Here µ is the mean and σ2 is the variance of the related distribution. The usual approach

to solve Eq. 5.1 is to use the convolution theorem [Boa83]:

Cs,e(τ) = F−1[F [fe(t)] · F [fs(t)]] =
1

√

2πσ2
T

e
− τ2

2σ2
T (5.3)

where σ2
T = (σe

2 + σs
2) and τ = (µs + µe).

To estimate the threshold temporal offset (τth) between the pulses of interest, one would

need to write the inverse of Eq. 5.3 as follow:

τth = σT

√

2 log (
1

ψ
) (5.4)

where ψ = Cs,e(τ)

Cs,e(0)
is the normalization factor. Here the optimum overlap can be defined

as the Cs,e ≥ 0.9. According to Eq. 5.4, the temporal offset between the electron bunch

and seed pulse should be τth ≤ 46.1 fs to satisfy the optimum overlap condition. The

probability to find a signal above the threshold can be estimated by:

P> = 2

∫ τth

0

fj(t) dtj = erf(
τth√
2σj

) (5.5)

where fj(t) =
1√
2πσ2

j

exp (− t2j
2σj 2 ) is the relative jitter between the electron bunch and seed

pulse which has a Gaussian distribution. As an example, in our case the probability of

the optimum overlap for the τth =47 fs is P> ≈ 0.3 . As another example, if the rms jitter

is twice the threshold time (τth = σj/2) then P> ≈ 0.38. In Fig. 5.9 the convolution of

the electron bunch and the seed pulse for different τ/σ is shown. In the same figure the

probability that the random events, under influence of normally distributed jitter with

σj =122 fs, stay within the threshold limit τth is also shown.

The probability that the jitter remains within a range which assures the overlap of

(Cs,e(τ)) is shown in Fig. 5.10. As is shown, the probability of the optimum overlap

between the seed pulse and the electron bunch is about 20%.
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Figure 5.10: The probability that the random jitter remains within a range which assures the

overlap of (Cs,e(τ)).
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5.2.2 Numerical simulation

In this section the probability to have the optimum overlap is estimated, using numerical

simulation, for different varying parameters such as: relative random jitter between two

pulses and electron bunch duration. For the beginning 500 number of shots per each steps

was considered to have a trustable statistical analysis.

The effect of relative longitudinal jitter

The temporal offsets between the seed pulse and electron bunch are due to the lon-

gitudinal jitter of the pulses relative to each other. Any phase jitter in the RF gun,

photocathode drive laser, and the accelerating modules causes energy jitter, and due to

the differing delays through the dispersive section, this energy jitter translates to jitter

in arrival time. Using beam arrival time monitors (BAM) installed in the FLASH ac-

celerator, the average longitudinal jitter of the electron bunch was measured about 70 fs,

using beam based feedback. A normal distribution for the longitudinal jitter of the elec-

tron bunch and the seed pulse as well is assumed with the standard deviations given by

σje = 70 fs, and σjs = 100 fs, respectively.

The random positions for the electron bunch and seed pulse can be defined as follows,

µe,s = µe0,s0 + σe,s · randn(1,M) (5.6)

where M is the number of evaluations, σ is the standard deviation and µ0 is the mean

of the distribution. By substituting Eq. 5.6 in Eq. 5.3, the probability of the temporal

overlap for theM different relative jitters between two pulses can be obtained. The results

for different initial temporal offset is shown in Fig. 5.11. There is about 30% probability of

optimally overlapping the electron bunch of σe = 100 fs with the seed pulse of σs = 10 fs

using randomly generated jitter. The probability of overlap drops down to about 1% for

the case in which the electron bunch and seed pulse are separated about 300 fs.
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Figure 5.11: The probability of the overlap between the laser pulse and electron bunch with

normal-random generated longitudinal jitter. Here µs0 is the mean offset between the seed pulse

(σs =10 fs) and electron bunch (σe =100 fs).

The effect of longitudinal electron bunch length

Due to differences in the compression process in the bunch compressors, the longitudinal

profile of the electron bunch is subject to change along with the above-discussed overall

jitter in arrival time . Providing a reasonable energy spread along the electron bunch, as

well as high peak current (∼ 2 kA), and an appropriate electron beam duration, all at the

same time (to fulfill the prerequisite condition for the longitudinal overlap of two jittering

femtosecond pulses) presents a challenge. In this regard the effect of longitudinal length

of the electron bunch on the randomly generated overlap function is presented in Fig. 5.12
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Figure 5.12: The probability of the longitudinal overlap between seed pulse and electron bunch

as a function of electron bunch duration. The figure in the top shows the probability of the

optimum overlap for the zero initial temporal offset between pulses of interest. figure below

shows the statistic for the case, that two pulses are separated initially about 150 fs.

Again, in this statistical approach 500 number of shots per step is considered. The

temporal offsets between two pulses are considered to be zero for the graph in the top

and 150 fs for the graph below. There is still 10% probability to have the overlap between

two pulses for the electron with σe = 50 fs. The statistical analysis show that there is

approximately 10% chance to bring two pulses together in an optimal way. In experiment,

the scanning procedure that moves the laser relative to electron bunch is performed with

50 fs step in the fine temporal overlap setup.

Number of shots per scan

In Fig. 5.13 different numbers of evaluations are considered to estimate the probability of

the optimum overlap. The rms jitter of the electron bunch and seed pulse are estimated to

be 70 fs and 100 fs, respectively. In view of analysis and uncertainties on beam parameters,

a number of approximately 50 hots seems to be a reasonable choice for a trustable statistics

and would save the time during the commissioning shifts.

The statistic studies also show that the fine temporal overlap should be achieved better
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Figure 5.13: Probability of optimum overlap (Cs,e(τ)≥ 0.9) for different mean offsets of the

laser pulse relative to the electron bunch (µs). M is the number of evaluations considered per

each case.

than 300 fs. The optimum overlap would hardly be achieved with the above-mentioned

relative jitters of the electron bunch and seed pulse. The results of simulation show that

the observable contrast decreases if the relative jitter is more than approximately 60 fs.

The electron bunch properties, including energy spread and mean energy deviation also

play an important role for the seeding experiment. Proposed methods to find the temporal

overlap with required precision are discussed in detail in the following chapters.



6 Proposed methods for temporal

overlap measurement

The characterization of the temporal profile of the laser pulse (∼ 33 fs)FWHM and electron

bunch distribution is one of the most important preliminary steps in the seeding project.

In this chapter possible electronic methods for measuring ultra short pulses and their tem-

poral overlap are recounted which satisfy the purpose of this thesis in the most optimum

ways.

6.1 Measurement with picosecond resolution

The NIR laser pulse and spontaneous radiation of the undulator carry information about

the arrival times of the HHG pulse and the electron bunch, respectively. As an initial step

in measuring the relative arrival times of these pulses, the coarse longitudinal overlap setup

with picosecond resolution was installed after the first undulator of the ORS experiment,

which is located upstream of the seeding undulator, see Fig. 6.1. The incoming lights

are reflected out of the electron beamline using a silver-coated screen. The beams are

forwarded to the detector station using 6 silver-coated mirrors. The transport beamline

to the photo-detector station is explained more in details in Chapter7.

The strategy to find the temporal overlap between the HHG pulse and electron bunch

with picosecond resolution is as follows: First, using a beam splitter a part of the NIR-

laser beam is sent to a photomultiplier tube (PMT). The time difference between the two

pulses can be measured within a few nanoseconds resolution using this detection method.

Second, a streak camera based measurement provides the coarse temporal overlap better

than 500 fs. In the following sections the technical characteristics of the photo-detectors,

which were used, are explained.
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Figure 6.1: Coarse temporal overlap setup installed between undulators of ORS-experiment.

This setup is located upstream of seeding undulators. The temporal overlap between spontaneous

radiation of the undulator and the NIR laser pulse is measured firstly by a photo-multiplier

(nanosecond resolution) and secondly using a streak camera with resolution better than 0.5 ps.

6.1.1 Photomultiplier tube

The PMT is composed of a photocathode, which converts light to photo electrons, which

are then amplified by a cascading process. The photo-generated electrons, after an ini-

tial acceleration, are amplified through a series of dynodes via secondary emission. The

multiplied secondary electrons emitted from the last dynode are collected by the anode.

Unfortunately the photo electric response times are limited, thus restricting PMT detec-

tion utility when one is measuring femtosecond or picoseconds pulses. The PMT which

was used in the experiment (H6780-20 model) has an effective area of 8mm2 and a rise

time about 700 ps [Ham11b].

6.1.2 Streak-camera based measurement

The basic operation principle of the streak-camera (FESCA200) [Ham10, Rul05] is de-

picted in Fig. 6.2.

The light pulses arrive on the slit at different times, and a combination of lenses images

them to the photocathode. There the incident light pulses convert to photoelectrons,

just as in the photomultiplier. The resulting flux is collimated, strongly accelerated and

deflected by an ultra-high-speed sweep of an applied electric field, through the streak unit.

To reduce the initial velocity distribution of the photo-electrons, the streak tube uses
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Figure 6.2: The operation principle of the streak-camera operation, FESCA200, Hamamatsu.

magnetic focusing, which can increase the field intensity between the photocathode and

accelerating electrode. Then the impact of the electrons on the phosphor screen is mapped

along an axis which is calibrated in time by the sweep itself. The light intensity here

reflects the electron density and is a true image of the pulse itself.

To avoid space charge effects, one should keep the emissivity of the photocathode as low

as possible. In order to increase the luminosity of the phosphor screen, a micro-channel

plate is inserted to multiply the electrons by a factor of up to 1000 before the phosphor

screen. The final image is read with a standard CCD camera using a computer and a

frame grabber. The specification of the streak-camera which is used for our measurements

are listed in Table. 6.1.

According to the type of the laser and measurement two different ways for recording

the streak images can be implemented, either a single shot ’single sweep’, or averaging

over set of data using the synchro-scan mode. In the synchro-scan mode, the high-speed

sweep (≈5 ns) repeats periodically and is synchronous to the incoming laser pulse. The

resolution for the synchro-scan streak-camera is better than 50 ps.

Components

As shown in Fig. 6.2, the streak-camera FESCA200 [Ham10], consists of the following

components:

• Input optics
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Parameter Value

Spectral response 280 to 850 nm (S20)

Effective photocathode size φ 3mm

Temporal resolution better than 300 fs

Sweep time at full screen(10.29mm) 20 ps, 50 ps, 100 ps, 200 ps, 500 ps

Trigger jitter less than ± 20 ps

Operating mode Focus/streak

Image magnification 1:1

Slit width 0-200µm

Slit length 0-15mm

Resolution (pixel) 1280 × 1024

Table 6.1: Specification of the streak-camera, FESCA200

The optics at the ingress of the streak camera are designed to image the incident

light to the photocathode. To have a uni-dimensional image on the photocathode a

slit with variable width is used. The dispersive parts of the optics for FESCA 200

are assembled of two materials, SiO2 and CaF2 with total thickness of 3.6mm and

24.4mm respectively. The image magnification is unity.

• Streak unit

The streak unit consists of a deflection plate which can deflects the incoming photo-

electrons with a rapidly time-changing kick. Before sweeping, an accelerating field

due to accelerating voltage applied in the range between 2 kV to 5 kV brings the

photoelectrons to keV energies.

• Image intensifier

The image intensifier consists of a photocathode, the multichannel plate, and the

phosphor screen. In the gate mode operation which is needed for the smallest time

range (20 ps) the voltage of photocathode is set to zero or more to prevent it from

unwanted photons. In the normal operation the voltage is set to -200V.

• Output optics

The output optics system connects the image intensifier, phosphor screen and read

out camera.

Streak camera resolution

The time resolution of the streak camera measurement is a function of the spatial photo

electron distribution and the size of the slit. The temporal profile of the electrons reflects
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the temporal evolution of the light intensity on the slit. The wavelength of the incoming

light also impacts on the temporal resolution. For shorter wavelengths (photon energies

larger than the work function of the cathode), photoelectrons from the photocathode

spread spatially, due to the enhanced spread in transverse momenta, and result in a spread

in the travel time inside the streak tube. When the number of photoelectrons is increased,

space-charge forces are enhanced, producing another limitation in the resolution. Another

parameter to improve the resolution is the sweep rate of the streak unit. The relative

timing between electron flux and the sweep should be precisely set. A higher precision

and resolution can be achieved with higher sweep rate. In practice, resolution of the

FESCA200 is better than 300 fs. An example for the measured resolution of FESCA200

is shown in Fig. 6.3. One of the disadvantages of this kind of streak-camera for finding the

temporal overlap between two pulses is the shot-to-shot fluctuation of the streak image

on the phosphor screen, which is mainly due to the fluctuation in the trigger timing of

the sweep circuit [Ham10]. The fluctuation due to timing jitter is about 20 ps.

Figure 6.3: Measured streak-camera (FESCA200) resolution. The size of each channel (pixel)

is 6µm.

Synchronization of the streak camera with the master oscillator

To obtain the optimum resolution, the relative timing between sweep rate and arrival

of the photo electron flux should be precisely set. For this to happen part of the inci-

dent beam is detected by means of a photo-detector (photomultiplier or a photodiode)
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dedicated to synchronization purposes. In this case the output signal of the photodiode

can trigger the sweep, or through a photo-switch connecting it to the streak tube’s de-

flecting plate electronics it can provide jitter free timing [Rul05]. In the experimental

setup explained here, the external trigger coming from the master oscillator (MO) with

fundamental frequency of 1.3GHz is also used for synchronization purposes.

In Fig. 6.4, the synchronization of the streak-camera with the RF master oscillator is

illustrated. A part of the incoming beam is reflected to a photomultiplier. A 10Hz

trigger (1 ns rms jitter), coming from the FLASH timing system is sent to the first delay

generator DG535 with (50 ps)rms channel to channel jitter, 5 ps resolution), which can

produce up to four output signals [DG511]. The generated output (≈ 1 ns rms jitter)

with appropriate delay relative to the external trigger, is then sent to the CCD camera

controller (channel B), to the main unit as a gate mode controller (channel D), and to

the streak unit via another delay box (HMI box) [HMI] reducing the jitter to (10 ps)rms

by synchronization to the 108MHz of the master oscillator.

The high-stability delay box C6878, is used as a phase shifter to adjust further the delay

time of the trigger signal by adjusting the phase of the input signal. In addition the phase

can be stabilized and that allows the reliable acquisition of the streak images, [Ham11a].

For the input signal of 108MHz (the 12th harmonic of the MO frequency) that is used

for the synchronization, delay of the trigger signal can be adjusted automatically up to

9.23 ns.

6.2 Measurement with femtosecond resolution using

MOR1 setup.

Due to the limit in the resolution of current optical and electronic methods, one would

need to find another concept to measure the temporal difference between the femtosecond

pulses of interest with resolution in the order of sub-100 femtoseconds.

The principle of operation of Optical-Replica Synthesizer setup (ORS) was introduced

in Chapter 3. The ORS is based on the optical klystron concept which was discussed

in Chapter 2. This scheme has been experimentally deployed at FLASH for measuring

the longitudinal profile of the electron bunches [SSS07]. An analytical investigation pre-

sented in this section shows the potential of this setup for measuring the temporal overlap

between two femtosecond pulses, see Fig. 6.5.

In presence of an undulator field and a very large external laser field, obeying the resonance

1MOdulator-Radiator setup
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Figure 6.4: Synchronization layout of the streak-camera based measurement with sub-picosecond

synchronization with the master oscillator. A part of the two incoming beams to the streak-

camera are coupled out to a relatively fast photo-detector. This signal is sent to the oscilloscope

together with the output trigger of the streak unit to adjust the relative timing and to find the

signals within the camera time range (largest ≈ 500 ps). The 10Hz signal coming from the

FLASH timing system with 1 ns rms jitter is coupled to a delay generator unit (DG535) with

intrinsic jitter of 50 ps. Afterwards another delay box (HMI) is used to reduce the existing jitter

furthermore by using the 12th harmonic of MO fundamental frequency (108MHz). The intrinsic

jitter of this box is 10 ps. The 108MHz signal is coupled firstly to a phase shifter (C6138) which

can be remotely operated. This box stabilizes the phase and allows more stable acquisition of the

streak images.

condition in Eq. 2.5, the electrons are bunched. This bunching is enhanced by passage

through a chicane with an R56 that can be varied up to 150µm in the current setup, see

App B.

Electrons with different energies pass through different paths in the chicane. This effect

induces an enhanced density modulation in the previously energy-modulated electron

bunch. The density-modulated beam is then passed through the second horizontally

polarized undulator where it may emit coherent spontaneous radiation that is reflected to

a spectrometer transport line by a screen. In case of perfect overlap between NIR pulse

and electron bunch, a significant enhancement in the coherent light can be observed. The

resonance condition can be also obtained when the laser is a multiple of the undulator

frequency, see App C. For our case the coupling at the fundamental wavelength is studied.

The parameters of the modulator and radiator are presented in Table. 3.1.
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Figure 6.5: Schematic diagram of the modulator-radiator setup. The spontaneous radiation

from the first undulator (modulator), together with the NIR pulse, is coupled out to the first

station using an OTR screen. The overlap of two pulses are achieved within 500 fs using a streak

camera-based measurement. Using a downstream chicane (R56 = 150µm) the electron bunch

that is modulated in energy within the modulator becomes modulated in density. The emitted

coherent light after the second undulator (radiator) indicates the presence of longitudinal and

transverse overlap between the two pulses, which can be resolved spectrally using a VIS-UV

spectrometer or a CCD camera.

6.2.1 Experimental methodology

To perform fine temporal overlap with femtosecond resolution, the modulator is tuned to

be resonant at the NIR pulse wavelength, 800 nm. The NIR pulse (tFWHM ∼ 33 fs, energy

∼ 22mJ) is focused at the beginning of MOR setup by a focusing mirror with focal length

of f=5m.

The energy of the laser is measured to be ∆UL ∼ (50 ± 5 µ J ) at the optical station

after the modulator, see section. 8.2. The total power (P ) and corresponding electric field

(ET ) of the NIR pulse are P = ∆UL/(σt.
√
2π) = 607MW and ET =

√

2I
cǫ0

= 381.5 MV
m
,

respectively, where I =2×1010 W
cm2 is the NIR beam intensity.

Due to vertical polarization of the modulator, only the vertical component of the laser

field (Ey) can contribute in the interaction process. Simulation results using the optical

design software ZEMAX [zem11] show that the vertical field component of the NIR laser

beam after propagation through the seeding beamline is about 50% of the total field

(Ey = 0.54ET ), see App D. The size of the mirrors that are used in the beamline put

a limit on the transportation of the initial field. Assuming the vertical electric field
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strength to be 20% of the total field the coupled electric field would be Ey =76.3 MV
m
. The

fundamental harmonic of laser interacts with the electron bunch and induces the energy

modulation amplitude (P0) as follow:

P0 = Kp
e

2

Eyz

γ
= 244 keV (6.1)

where Kp = 8.8 is the peak undulator parameter and z =1m is the length of the modula-

tor.As was explained in Chapter 4, focusing mirrors are installed in the beamline to focus

the HHG pulse within the first seeding-undulator. Among them a dielectric-coated mirror

with f =5m is placed to focus the NIR laser at the beginning of the modulator with more

than 80% reflectivity. Use of this mirror yields the highest modulation of the electron

bunch due to higher transported energy with a small transverse size of the NIR laser,

approximately (1mm)FWHM. In Fig. 6.6 the amount of energy modulation for different

transverse sizes of the NIR laser is plotted.

Figure 6.6: Energy modulation within the modulator as a function of NIR-laser transverse

size.

For an electron beam with energy of Ee =700MeV and a dispersive section strength of

R56 =150µm, the relative longitudinal shift of the electrons at the exit of the dispersive

section would be:

dzmax = R56
P0

Ee
= 53.8 nm (6.2)

which gives rise to a maximum density modulation (Dm) and associated enhancement of

the coherent signal with respect to the incoherent signal as follows:
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Dm =
2π

λL
dzmax = 0.42 (6.3)

Enc = N ·Dm
2 ∼ 107 (6.4)

where N = Q′

e
= QλL/(cσt)

e
is the estimated number of electrons in the bunch, which are

interacting within one laser wavelength (λL =800 nm), and Q is the total charge. For an

electron bunch with Q =1nC and duration of σt =300 fs, approximately 5.5×107 electrons

are considered to take part in the laser-modulation interaction. It should be mentioned

that in estimating the enhancement the uncorrelated energy spread and energy chirp are

not taken into account. For this reason in the following section the effect of energy spread

on the fundamental bunching is presented.

The role of uncorrelated energy spread on the fundamental bunching

The enhanced coherent power due to the fundamental component of the current modu-

lation at the radiator can be estimated according to the theory presented by Saldin, et.

al. [Sal05]. The electron beam properties, dispersive strength, and the amplitude of the

energy modulation, assumed for this analytical study, are summarized in Table. 6.2.

Parameter Symbol Value

Electron beam energy Ee 700MeV

Uncorrelated energy spread (rms) σE 500 keV

Dispersive strength R56 154.4µm

Energy modulation amplitude P0 244 keV

Table 6.2: The electron beam properties, dispersive strength, and the amplitude of the energy

modulation, assumed for this analytical study.

As was discussed in Chapter 2, the energy modulated beam converts to a density mod-

ulated one within the chicane. Therefore a set of harmonics would exist in the radiator.

The most important component is the fundamental term which is in resonance with the

radiator. The amplitude of this fundamental micro bunching is expressed as a product

of a Bessel function and an exponential term as expressed in Eq. 2.16. The fundamental

harmonic component of the micro-bunched current for our case can be deduced to be:

a1 = 2J1

(

P0
2π

λL

R56

Ee

)

exp

[

−1

2
σE

2

(

2π

λL

R56

Ee

)2
]

= 0.28 (6.5)
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The dependency of the 1st harmonic amplitude on R56 is introduced both in the Bessel

argument and in the exponential term. In Fig. 6.7 the role of the slice energy spread on

the fundamental bunching amplitude with different values of R56 is shown.

Figure 6.7: Dependency of 1st harmonic amplitude on the compaction factor R56 for different

slice energy spreads (σz) of the electron bunch.

The total radiation power (W ) is estimated using Eq. 2.17 and Eq. 2.18.

W = W0 F (ND) = 44.5MW (6.6)

where W0 = 68.5MW is the normalization factor for the planar undulator. The di-

mensionless parameter F (ND) = 0.65 is calculated using Eq. 2.17 for the diffraction

parameter ND =0.14. The number of photons within the generated coherent radiation

(800 nm, 1.5 eV) can be estimated at Nph = Wσt
1.5 eV

= 6 × 1012, where σt = 32.9 fs is the

NIR laser FWHM duration.

In the experiment this level of enhanced radiation can be easily detected by a CCD camera.

As an example, for the CCD-camera, model Basler-A311f [Bas11], the size of the sensors

and each pixel individually are 30mm2 and (10µm×10µm) respectively. Assuming a

homogeneous energy distribution over all pixels, approximately 2× 107 photons would be

detected by each pixel of the sensor, which is far above the minimum photon number

required for the detection of the camera. The uncorrelated (slice) energy spread of the

electron bunch plays an important role in the final bunching within the modulator and

thus in the coherent radiation which is generated within the radiator. The dependence of

the bunching and followingly the generated power in Eq. 2.18 on the slice energy spread
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is plotted logarithmically in Fig. 6.8. The dependency of the coherent light production

on the strength of the chicane R56 for different uncorrelated energy spreads σE is plotted

logarithmic in Fig. 6.9.

Figure 6.8: The logarithmic plot shows the coherent power produced within the radiator at

the fundamental wavelength of the NIR laser as a function of slice energy spread of the electron

bunch.

Figure 6.9: Logarithmic enhancement of the coherent light in the MOR setup as a function of

the chicane strength (R56) for different ratio between modulated energy (P0) and energy spread

of the electron bunch (σE).
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6.2.2 Simulation results using PERSEO

A numerical simulation code called PERSEO [Gia] has been used to explore the electron

bunch interaction with the external light source in the context of the MOR setup. The

parameters of the interest, which are summarized in Table. 6.3, describe an electron bunch

taken from a start-to-end simulation (see Fig. 5.6) interacts with the field of the NIR laser

pulse in the modulator.

Parameter Symbol Value

Electron beam energy Ee 1000MeV

Uncorrelated energy spread (rms) σE 0.04%

Normalized x-emittance ǫx 1.67mmmrad

Normalized y-emittance ǫy 1.34mmmrad

Peak current Î 2.6 kA

Bunch length (rms) σez 135.3 fs

Energy chirp 14MeV/mm

Seed wavelength λs 800 nm

Peak seed power Es 50µJ

Seed energy P 1.6GW

Seed length (rms) σsz 12.7 fs

Table 6.3: The electron beam and NIR laser pulse properties used for the PERSEO simulation.

The amplitudes of the modulation for the fundamental wavelength and second harmonic

are shown in Fig. 6.10. The properties of the modulator and radiator are summarized

already in Table. 3.1.

The violet curve shows the fundamental bunching coefficient at the end of the modulator

(a1 ∼ 0.5). The field emission amplitude through the entire undulator is plotted as a red

curve. The large R56 causes a separation between the longitudinal coordinate position

associated with the bunching and that of the generated radiation pulse. The electron

bunch is plotted in black dashed-line for comparison.

The phase-space of a selected slice, with width of 10µm around the peak of the electron

bunch current, is shown in Fig. 6.11, to illustrate the scenario described above.
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Figure 6.10: Simulated bunching amplitude and emitted radiation using PERSEO.

Figure 6.11: Phase space of selected slices after modulator and radiator.

The calculated enhanced coherent power along the radiator, for the first and second

harmonics, is plotted in Fig. 6.12. The energy of the fundamental harmonic of the radiator,

which is tuned at 400 nm, is 0.026mJ. This energy is equivalent to Nph = E400nm

3.11 eV
=

5.2× 1013 number of photons.

The analytical study and simulation results show that the enhanced coherent energy is
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Figure 6.12: Enhanced power along radiator, taken from PERSEO.

of the order that can be easily detected with a normal CCD camera. In this regard, in

the experiment a CCD camera together with a UV-VIS spectrometer were installed after

the radiator. More details concerning the experimental setup and constructed beamline

follow in the next chapters.





7 Beamline and shielding for the longi-

tudinal overlap measurement

7.1 Description of the setup

During shutdown of 2009, the Optical Replica Synthesizer (ORS) experiment was moved

upstream the seeding undulator, placed after the last accelerating module. The seeding

experiment takes advantage of this setup to diagnose the electron bunch and the seed

pulses longitudinal and transverse properties. As shown in Fig. 7.1 the time-coincidental

drive laser and the HHG seed pulses are coupled to the electron beam using an in-coupling

beamline. The coarse longitudinal overlap setup is installed directly after the modulator.

The incoherent synchrotron radiation of this undulator carries information about the

arrival time of the electrons.

The emitted incoherent synchrotron light can be separated from the electron bunch at

the magnetic chicane in the optical stations placed after each undulator. The magnetic

chicane consists of four dipoles magnets which steer the electron bunch around the screen,

producing a maximum longitudinal dispersive strength of approximately R56 = 150µm.

The modulator radiation together with the NIR laser pulse (λL =800 nm) are reflected out

of the beamline with a silver coated screen (150 nm coating) at the first optical station.

The screen dimension is 40mm by 22mm, and is located 45 ◦ with respect to the direction

of the beam. The reflected beams are sent down to the optical table using a planar mirror.

The beamline from the screen to the coarse timing setup consists of 6 silver coated mirrors,

with dimensions of 65mm by 80mm. The reflectivity of these mirrors for λ =800 nm is

more than 97%. The reflection drops down for the wavelengths below 400 nm [lin11].

There is a translation stage on the optical table which sends the incoming beams to

different diagnostic stations, Fig. 7.2. As it is shown, the mirror mounted in the right side

of the translation stage sends the light beams to a power meter for energy measurement.

The mirror in the middle sends the beams to an optical transition radiation station (OTR)
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Figure 7.1: Layout of the coarse and fine longitudinal overlap setup. The synchrotron radiation

of the first undulator carries information about the electron bunch arrival time. This radiation

together with the laser which co-propagates with the UV seed pulse are sent to the streak camera

container for the longitudinal overlap with picosecond resolution. Following that the coherent

radiation of MOR setup is used as a tool for the overlap with sub picosecond resolution.

with a CCD camera which is initially used to find the transverse position of the beams

on the screen. The third mirror sends the seed drive laser, together with the synchrotron

radiation, through the same beamline to a container which is located underneath the

optical table. This container, explained in the next section, is designed and constructed

to protect the photo detectors against the ionizing radiation existing in the FLASH tunnel.

To bring the light beams to the slit of the ST-camera (width ≈ 30µm), two of the mirrors

are mounted on the translation stages to scan the position of the beams within ±4 cm in

horizontal and vertical directions. To control the angle of incident light one of the mirrors

in the beamline is equipped with a motorized micrometer. A filter-wheel installed on the

table uses different neutral density filters together with the spectral filter BG39 [Sch11a]

to attenuate the light by a factor of up to 105. Afterwards the light beams are sent down

to the container, see Fig. 7.3.

The laser beam and synchrotron radiation, after passing through spectral filters mounted

in a second filter-wheel, are focused to the slit of the camera using a biconvex lens with

focal length of (f = 500mm). The lens is mounted on the translation stage for better

focusing. A beam splitter (50%) sends the beam to the ST-camera and simultaneously
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to the CCD camera which is placed in the same distance from the beam splitter at 90◦

angle. Firstly the positions of the two incident light beams are found in the CCD camera.

Secondly using motorized mirrors the beams are steered to permit observation in the

focusing mode of the ST-camera, which shows the spatial profile of the incoming light.

The beams can be also sent to the photomultiplier (with trise ≈ 700 ps) located in the

same translation stage for finding the timing of the pulses relative to the internal trigger

of the ST-camera.

Figure 7.2: The remotely accessible optical beamline to the coarse timing setup installed on the

first optical table after modulator. The first translation stage on the table sends the incoming

beams in three different diagnostics stations including power meter, OTR camera and to the

ST-camera container which is located underneath this table. To bring the synchrotron light of

undulator and laser beam on the slit of the camera, two of the mirrors are mounted on the

translation stages to scan the position of the beam in horizontal and vertical directions. To

adjust the angle of incoming beams one of the mirror is equipped with motorized angular knobs.

The filter-wheel contains 3 neutral density filters and one spectral filter (BG39) to attenuate the

high power laser pulses and modulator radiation appropriately. Using 2
′′

apertures the central

part of the beam is sent to the slit of the camera which is set at a width of 30µm.

A fiber spectrometer is also installed on this translation stage to record the spectrum of

the modulator. The spectral range of this spectrometer is 350 nm to 1000 nm, [oce11].

The core diameter of the fiber-coupler of the spectrometer is 200µm, which makes the

remote focusing of the synchrotron light into the fiber quite difficult. To ease the cou-

pling a compound parabolic concentrator, [edm11a] with an input diameter=10mm and

acceptance angle=45◦ has been chosen. The spectrum of the modulator can be recorded

after using different spectral filters which are available in the beamline. This helps for the
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estimation of the amount of dispersion of the light in the beamline.

(a) The remotely accessible optical beamline inside the container. Using two plane mirrors the beams are

sent down to the container, where the ST-camera, photo multiplier and other photo detector are installed.

(Left): The second filter-wheel mounted in the container contains different spectral filters to attenuate the

energy of the incoming beams with appropriate ratio. To focus the beam in the slit of the camera a biconvex

lens is placed on a translation stage which can change the focusing point by 100mm. (Right): A beam

splitter sends parts of the incoming lights firstly to a CCD camera for alignment purposes. Afterwards

the beam is sent to a photo multiplier for finding the temporal overlap with nanosecond resolution. Beams

can be sent also to a VIS-IR spectrometer to spectrally resolve the radiation of the modulator.

(b) (Left): The translation stage in the same distance as the slit of the camera from the focusing lens.

On the right side a parabolic concentrator is mounted to collect the radiation and send it via fiber optics

to the IR-VIS spectrometer. A photomultiplier is mounted in the middle in a cylindrical tube which is

used for shielding against background light. The CCD camera in the left, is used as a virtual camera

to monitor the position of the laser pulse and synchrotron radiation relative to the position of the slit.

(Right): The remotely operational streak camera FESCA-200 installed in the tunnel.

Figure 7.3: The coarse longitudinal overlap setup installed in the container.
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7.2 Shielding for the electronic components

As was introduced in Chapter 3, relativistic electron bunches with energy of up to 1.2GeV

are produced in superconducting cavities in the FLASH tunnel. The ionizing gamma

radiation is produced due to deceleration of those electrons by the surrounding atomic

nuclei, a mechanism termed Bremsstrahlung. Single Event Upsets (SEU) initiated by

gamma radiation can cause permanent damage to the electronics. Photo-neutrons are

produced due to interaction with material by gamma radiation with energy above the

threshold energy (Eth).

The fact that the interaction properties of the neutron are a function of its velocity has

led to a terminology which is summarized as following:

• Thermal neutrons, which are in thermal equilibrium with surrounding have a most

probable energy of 0.025 eV, and causing soft errors in the microelectronics.

• Slow neutrons, with energy less than 1 eV.

• Intermediate energy neutrons, with an energy from few hundred electron volts to

about 0.5MeV.

• Fast neutrons, with energies greater than 1MeV

To protect the photo-detectors and other electronics used in the accelerator an appropriate

combination of different materials should be used to attenuate the gamma rays and photo

neutrons. For the gamma rays the most effective shielding barriers are those made of

dense material containing atoms of high atomic number, including lead and concrete.

One should keep in mind that with the neutron shielding only slow neutrons can be

easily captured. Thus the energy of fast neutrons should be first moderated. That can be

accomplished by using sufficient thickness of material rich in hydrogen. In this way the fast

neutrons will lose energy due to scattering collisions and approach thermal equilibrium.

The shielding must also contain materials with high cross section for capturing the thermal

neutrons after they are slowed down. Since the capture of thermal neutrons capture is

a source of gamma radiation, one should use a high density material to attenuate the

subsequent gamma radiation. Although not all of the radiation will be absorbed by the

shielding, some leakage is unavoidable. The goal is to make this leakage as small as

possible.

Due to space limitations in the FLASH tunnel a compact shielding scheme was required

to attenuate the ionizing radiation below the damage threshold of the nearby electronic
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devices. The various modes of operation in the FLASH tunnel makes the shielding cal-

culations based on Monte Carlo simulations inaccurate. The optimum photon shielding

for selected materials was analytically calculated based on previous measurements for the

linac area [MS08]. The station of the longitudinal overlap setup is installed 10m after the

energy collimator section. Several measurements were conducted from 2009 to 2011 to

find the optimum thicknesses of selected materials for gamma and neutron attenuation.

7.2.1 Radiation measurement in the FLASH tunnel

For the measurement of the gamma and neutron radiation, thermo-luminescent detectors

(TLD) were placed in the FLASH tunnel for a period of 2 weeks. The measurement was

repeated for different shielding materials. TLD-600 (6LiF, neutrons and gamma sensitive)

and TLD-700 (7LiF, gamma sensitive) were used in combination to estimate the amount

of neutrons present.

Gamma attenuation factor for the lead and concrete breaks

In the measurement period of (02-16. Jun. 2009) the gamma transmission for concrete

(thickness∼ 10 cm) and lead shielding (thickness∼ 5 cm) was measured, Table. 7.1. Mod-

erator cylinders were used around the TLDs to thermalize the fast neutrons for measuring

the flux. The test setup placed in the tunnel is shown in Fig. 7.4.

γ dose [mGy] nfast dose [mGy]

Without shielding 46.7±0.05 0.8±0.05

Lead-shielding (5 cm) 1.5±0.05 0.3±0.05

Concrete-shielding (10 cm) 14.8±0.05 0.3±0.05

Table 7.1: Measured gamma dose after lead and concrete shielding.

The measurement result shows more than 95% attenuation of gamma radiation for the

5 cm lead shielding and 70% attenuation for the 10 cm thick concrete shielding. The

neutron attenuation of the lead and concrete layers is insignificant. Because of the space

limitation and also to prevent neutron production in thick shielding material, lead was

chosen as an appropriate gamma shielding material.

Measured thermal neutron transmission

In the measurement period (09-26. Jun. 2009) the transmission of Borated-Rubber
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Figure 7.4: The shielding test setup installed in the longitudinal overlap station, coordinate

point 164m in the FLASH tunnel.

plates (6mm thickness) for the thermal neutrons was measured. Two pairs of TLD cards

(600 and 700) were used with and without shielding to estimate the amount of thermal

neutrons generated at the longitudinal-overlap setup at 164m in the FLASH tunnel.

The moderator was not used in the measurement, therefore the contribution of the fast

neutrons was minimized. The results of the measurement, summarized in Table. 7.2, shows

that the thermal neutrons are blocked at more than a 99% level by Borated-Rubber. In

contrast more than half of the gamma radiation would pass through the shielding thus

showing the need for an appropriate gamma shielding material.

γ Transmission[%] nth Transmission[%]

Without shielding 100 100

6mm Borated-Rubber 55 0.8

Table 7.2: Neutron transmission measured after 6mm Borated-Rubber shielding. The gamma

transmission for the 10 cm concrete breaks are also measured using TLD cards.

Evaluated gamma and fast neutron doses for 10 years FLASH operation

The estimated gamma and neutron radiation at 164m in the FLASH tunnel, for 500

working weeks, is summarized in Table. 7.3. According to the damage threshold deter-

mined for silicon based materials, [Muk11], one can see the estimated neutron kerma

(kinetic energy released in matter) is insignificant. But contrary to the fast neutrons

case, the Total Ionizing Dose (TID)-induced damage caused by gamma rays is detrimen-

tal to CCD cameras and other microelectronic devices. In this regard an appropriate
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attenuation for the gamma radiation and thermal neutrons which cause SEU errors is

required.

Measured dose [Gy] Threshold in Silicon [Gy]

Fast neutrons 0.2±0.05 1

Thermal neutrons 0.12±0.05 -

Gamma radiation 11.7±0.05 10

Table 7.3: The evaluated neutron and gamma dose for 500 working weeks of FLASH.

Proposed shielding configuration

The optimum thickness for the lead material was chosen based on the photon transmis-

sion probability curves (with build up) shown in Fig. 7.5. A 20mm thick lead plate would

transmit 5% of the gamma radiation, which in our case means the estimated gamma ra-

diation of 11.7Gy would be attenuated down to about 0.6Gy, which is approximately 16

times below the damage threshold of Silicon devices. To suppress the thermal neutron

flux in the longitudinal overlap station, 15mm Borated Polyethylene plates [Bp-11] were

used in the inner layer of the shielding box. The 10% Boron content was chosen because

of excellent attenuation of thermal neutrons and the reduction of the levels of capture-

gamma radiation. Its hydrogen content makes it an effective shield for the fast neutrons.

Depending on the initial energy of gamma radiation, in the hard lead plates (Pb98Sb2)

additional neutrons may be generated which can be captured by the inner Polyethylene

plates. The constructed container is shown in Fig. 7.6. The 20mm lead plates [Roe11]

are shown in gray and the 15mm Borated Polyethylene plate are shown in green.

Measured radiation transmission through shielding-container in the FLASH

tunnel

After the shut down of 2009, the longitudinal overlap set up was installed in a shielded

container at 164m of the FLASH tunnel. The proposed shielding-configuration should

protect the expensive photo-detectors installed in the longitudinal overlap station against

ionizing radiation. To check the functionality of the shielding plates, the gamma radiation

and thermal neutrons inside and outside of the container were measured using the TLD-

600 and TLD-700 dosimeters.

The result of two series of measurements, each for the period of about 2 weeks, is sum-

marized in Table 7.4 and Table 7.5. During the above-mentioned periods the FLASH

machine and its sub-components such as the sFLASH experiment, were commissioned.
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Figure 7.5: Experimentally beam photon transmission probability curves for Lead, Carbon Steel

and heavy concrete, adapted from Ref. [MS08].

On average, the shielding transmits 5% to 20% of gamma radiation. Approximately 10%

of the neutron flux is transmitted through the shielding. The measured dose inside the

container is far below the damage threshold of the Silicon based material.

11-30.May.2010 γ dose [mGy] nth dose [µGy] γ Transmission nth Transmission

Unshielded 24.8±0.05 73.3±0.05 100% 100%

Shielded (Nr.1) 5.3±0.05 6.39±0.05 21.4% 8.7%

Shielded (Nr.2) 4.2±0.05 6.98±0.05 16.9% 9.5%

Table 7.4: Measured gamma radiation and neutron flux transmission, May-2010.

1-15.Jun.2010 γ dose [mGy] nth dose [µGy] γ Transmission nth Transmission

Unshielded 32.1±0.05 20.24±0.05 100% 100%

Shielded (Nr.1) 1.9±0.05 1.79±0.05 6.0% 7.7%

Shielded (Nr.2) 1.4±0.05 2.04±0.05 4.3% 10.8%

Table 7.5: Measured gamma radiation and neutron flux transmission, Jun-2010.
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Figure 7.6: The constructed shielding box to protect the electronics and photo detectors against

neutron and gamma radiation. The gamma radiation would be attenuated with the 20mm lead

plates (in gray). The 15mm Borated-Polyethylene plates (in green) in the inner side thermalize

the fast neutrons and block the thermal neutrons.

Comparative measurement of ionizing radiations around the shield-container

The amount of neutron and gamma radiation were measured using TLD-600 and TLD-

700 on each side of the container, top (T), left(L), which is facing the electron beam

direction and right(R), see Fig. 7.7. The evaluated data from each TLDs are shown in

App E.

The measured gamma radiation and neutron flux transmission on each side of the con-

tainer are summarized in Table. 7.6. The attenuation factor (µ) of lead plates (thickness

of x=2 cm) is also calculated using the flux relation φ/φ0 = e−µx.

Location nth Transmission [%] µnth
[cm−1] γ Transmission [%] µγ [cm−1]

Upstream 46.8 0.38 5.3 1.47

Top 6.1 1.4 14.1 0.98

Downstream 20.5 0.8 15 0.95

Table 7.6: The result of gamma and neutron dosimetry around the shielding box which is located

downstream of energy collimators in the FLASH tunnel. Gamma radiation detected outside of

the container on the upstream side is 6 times more than the radiation in the downstream side of

the container, 6γL ∼ 3γT ∼ γR. The shielding shows more attenuation for the gamma radiation

at the upstream side of the container, which is facing the electron beam direction.
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The neutron flux outside of the container, on the top and right side, is almost the same

while it is 4 times more than what is detected with the TLDs installed at the left side, (nR

∼ nT ∼ 4nL). But inside the container on the right side which is facing the electron beam

direction more neutrons are detected in comparison with the top of the container. This

shows that due to higher outer gamma radiation on the right side, additional neutrons

are generated within the shielding. Gamma radiation detected outside of the container

on right side is 6 times more than the radiation in the left side of the container, 6γL ∼
3γT ∼ γR. The shielding shows more attenuation for the gamma radiation at upstream

side of the container, which faces the electron beam direction.

Figure 7.7: Container side view and location of TLD pairs (600-700) in each side.
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Characterization of the types of radiation used for determining the longitudinal overlap

between the XUV pulse and the electron bunch was discussed in section 4.5.3. In this

section the energy of each of the pulses at the position of longitudinal overlap setup is

estimated. In addition the minimum energy of the pulses which is needed for a correct

measurement with the ST-camera is given. The appropriate attenuation of both radi-

ation pulses by means of combination of different spectral filters is explained. Finally,

the temporal dispersion of the beam line is analytically estimated and experimentally

measured.

8.1 Intensity threshold for the streak camera

There are some lower and upper limits for the intensity of the incident light to the slit

of the streak camera in order to obtain a valid measurement. Fig. 8.1 shows the general

dynamic range behavior of a streak camera. The curve shows that at a very short pulse

with a duration of a similar order of magnitude as the time resolution of the streak camera

(i.e. a few hundred femtoseconds up to a few picoseconds in FESCA 200), if one slowly

increases the input pulse energy the measured pulse width will stay constant within a

certain range. but then suddenly starts to increase rapidly above a threshold energy. The

latter phenomenon is caused by the (transverse and longitudinal) broadening of the packet

of photo-electrons inside the streak tube due to space charge effects. Therefore in order to

make a valid measurement, it is important to stay below this broadening limit [Ham10].

Upper limit The rough estimate for the upper limit in a usable light signal is 60000

photons per pulse (≈ 15 fJ) which corresponds to a time resolution of 600 fs for the wave-

length of λ =800 nm, see Fig. 8.1(b). This number depends on how the pulse is dispersed

horizontally, since the space-charge effect depends on the volume-density of the electrons.

If the beam is focused on a horizontally smaller area, the total number of electrons in the

pulse before the occurrence of broadening will be smaller. Therefore in order to exploit
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the dynamic range of the streak camera at its best, it is always good to arrange the optics

in front of the streak camera in such a way that the entire cathode will be most evenly

illuminated along the horizontal axis. The cathode size of the FESCA-200 is 3mm.

Lower Limit The streak system can be operated in such a way that almost every

electron that is amplified in the MCP will be seen as a bright spot on the CCD image (i.e.

the spot is much brighter than the noise level of the CCD camera). For that the MCP

should be tuned to a medium or high level. Thus it is sufficient to consider only system

elements before the MCP to determine that the following items will have impact on the

intensity of the incident beam [Den09]:

• The optical setup in front of the streak optics

• The streak camera optics, which are three things to consider:

1. Input slit: The slit should be narrower than the beam size

2. Aperture: the F-number of the input optics is roughly 5.0 (The F number is

defined as the ratio of the focal length to the lens diameter.), so the input optic

should be chosen in a way that the input angle does not exceed the inverse of

the F number.

3. Absorption: In the spectral range between 250 nm and 400 nm the efficiency

within the optics is 50-70% .

• Quantum efficiency (Q.E): The Q.E. of the cathode (S20) is approximately 10%

at its spectral maximum, which is near 500 nm. The Q.E of the photocathode for

800 nm is about 0.5%.

• Electron losses inside the tube: is about 40%.

• After MCP: All effects after the MCP (i.e. the combined behavior of phosphor

screen, output optics, MCP, CCD, etc.) are not important, as stated above, and so

this overall efficiency can be assumed to be 100%.

Assuming no losses at the slit or by aperture, an efficiency of 50% inside the streak tube

and a photon wavelength of 800 nm, one needs (in the statistical average) approximately

4× 105 photons (≈ 0.1 pJ) in order to have a measurement with 200 fs resolution.

To check the sensitivity of the FESCA-200, the 800 nm laser with initial energy of 30mJ

was used. According to the measurement the damage threshold of the incident light is ≥
5 nJ. An energy more than this threshold can cause some damage to the photocathode.
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Operation at high energies will, even before damaging the photocathode also broaden the

pulse due to the space charge, thus reducing the accuracy of the measurement. For this

reason, in the experiment the NIR laser pulse was observed firstly using a virtual camera.

(a) Dynamic range of FESCA200 for the incident light with 400 nm wavelength.

(b) Dynamic range of FESCA200 for the incident light with 800 nm wavelength. Minimum

1000 photons is needed to observe the image on the CCD with the resolution about 200 fs.

Figure 8.1: The dynamic range of a typical streak camera. For a short pulse with a duration in

the similar order of the resolution of the streak camera, by increasing the energy of the input pulse

the pulse width will remain the same for a certain range but then starts to increase rapidly. The

photoelectrons spread spatially along the streak tube as the wavelength becomes shorter, adapted

from [Ham10].
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8.2 Transmission of the transport beamline

Seed drive laser As explained in section 4.3, the seed pulse and the drive laser are

coupled together to the electron beamline using a single grazing incidence mirror (at

13.9 ◦) and a mirror triplet (at 14.1 ◦). The grazing mirrors substrates are coated with

T iB4C for 38 nm wavelength and B4C+Mo for 13 nm wavelength. To provide an estimate

of the energy of the laser in longitudinal overlap setup the reflectivity of these mirrors for

the drive laser (λ=800 nm with 30mJ energy at HHG source) is measured. The 1
′′

mirror

used in this measurement has a B4C coating on one half and a B4C+Mo on the other half.

To measure the energy for different polarizations of the laser, a half wavelength-plate and

a polarizer were used together. First the upper part of the mirror with the B4C coating

was exposed with the laser pulses and later the other half was illuminated. The result of

the measurement is shown in Fig. 8.2.
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Figure 8.2: Reflectivity of the grazing incidence mirror with different coatings for the seed drive

laser (λ =800 nm). Here the s and p polarizations are defined as the field components parallel

and perpendicular to the optical table.

For the the fully S-polarized incident light with an incident angle of 14 ◦ the (B4C +Mo)

coating is the most reflective (≈58%) for the 800 nm laser. Therefore this coating can

be used to transport more power to the (MOR) setup thus increasing the modulating

amplitude of the electron beam. Of course due to the three-dimensional geometry of the

transport beam line, the light is not fully S-polarized.

The B4C coating is used in our commissioning shifts for the seeding at 38 nm wavelength.

The reflectivity of this coating for the NIR laser light with an incident angle of 14 ◦ varies
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between 8% to 39% depending on the polarization of the laser, see Fig. 8.2. For a fully

S-polarized laser beam, the initial energy of the laser after 4 grazing incidence mirrors will

attenuate by a factor of 2.4×10−2. It means the energy of the laser (22mJ), after reflection

from four grazing incidence mirrors drops down to ≈ 530µJ . For a fully P-polarized light

the attenuation factor is 4.1×10−5, and in this scenario the initial energy drops down to

0.9µJ . To attenuate the energy of the beam to below the damage threshold of the streak

camera (≈ 1nJ), the energy of the beam should be attenuated roughly by about 103 for

the fully P-polarized case and by a factor of 106 for fully S-polarized light. According

to the results of the NIR laser beam-propagation through the seeding beamline, using

ZEMAX software, transmission of the beam line for the NIR laser beam is estimated to

be 2.85× 10−3, see App D. That means the initial energy of the NIR laser (22mJ) drops

down to 188µJ which is closer to the measured transmitted energy for the fully s-polarized

light. In Table. 8.1 the effect of other parameters on the final transported energy of the

seed drive laser from the source to the longitudinal overlap setup is summarized.

Effect Value

Reflectivity of Si/Sc mirror at 88 ◦ incidence angle (Rs = Rp) 28%

Reflectivity of Mo/Sc mirror (Rs = Rp) 39%

Transport efficiency due to 1
′′

mirror 50%

Clipping of the laser due to screen size (38mm) −
Coupling efficiency to the streak camera slit (30µm × 15mm) 8%

Table 8.1: Efficiency of the transport beam line for the seed drive laser from the source to the

longitudinal overlap setup.

Taking into account the 28% reflectivity for the Si/Sc mirror and 50% transmission due to

the mirror size, the energy of the NIR pulse drops to ∼ 74µJ and to ∼ 0.1µJ for the fully

S-polarized and fully P-polarized pulse, respectively. The energy of the laser is measured

to be ∼ (50 ± 5 µ J) on the first optical table after the screen.

Synchrotron radiation of the modulator As was explained previously, the syn-

chrotron radiation due to the modulator undulator upstream of the seeding undulators

is used as a reference for the arrival time of the electron beam. In the experiment the

modulator was tuned to 800 nm wavelength for on-axis screen operation and at 1300 nm

wavelength for the off-axis scenario. In the latter case second harmonics of the funda-

mental wavelength will be reflected by an off-axis screen to the streak camera station.

Operation with an off-axis screen is required for parasitic measurement of the temporal

overlap during the seeding experiment, otherwise the XUV pulses will be blocked by the
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screen.

An analytical simulation has been performed using the SRW code [CE98] to estimate

the energy of the modulator-undulator (1m, 5 periods, λu =200mm), with more detailed

information given in Table. 3.1. The electron beam energy is assumed to be 700MeV.

The resonance wavelength of the undulator is 1300 nm. The radiation is measured on a

screen (22mm × 28mm) which is located 2.58m from the middle of the undulator. The

energy integrated over the entire spectrum is estimated to be 0.29 nJ. The spectrum of the

modulator taken from the simulation is plotted in Fig. 8.3(a). To compare the simulation

result with the measurement, the spectrum of the modulator is recorded with the VIS-

NIR spectrometer, as shown in Fig. 8.3(b). In the experiment the energy of the electron

beam was tuned to 663MeV. For the protection of the spectrometer a neutral density

filter (OD=0.2) was used. As shown, the result of the measurement is not identical with

the simulation result. Because of that the amount of energy of the radiation can not be

well estimated with the simulation.

The energy of synchrotron radiation of the radiator undulator in the MOR setup was

measured using a Joule-meter which includes a silicon detector (diameter ≈ 11mm),

[J3S11]. The principle of operation of this Joule-meter is that photons of incoming light

interact with the molecules of the silicon detector and generate a signal current. This

signal is electrically integrated by the capacitance of the amplifier and yields a pulsed

voltage which is directly proportional to the actual pulse energy [J3S11].

In another measurement the electron beam with energy of 982MeV was steered around

a 30mm screen. The energy per pulse of the synchrotron radiation at different resonance

wavelengths of the undulator was recorded using the Joule-meter. The relative spectral

response of the Joule-meter together with the actual energies are summarized in Table. 8.2.

Resonance undulator Mean energy Spectral response Actual energy

wavelength (measurement) (relative to 1) (min threshold)

800 nm 12.8 nJ ± 1.6 nJ 0.95 13.5 nJ ± 1.6 nJ

700 nm 16.4 nJ ± 1.3 nJ 0.85 19.3 nJ ± 1.3 nJ

600 nm 19.4 nJ ± 0.9 nJ 0.7 27.7 nJ ± 0.9 nJ

500 nm 22.0 nJ ± 0.6 nJ 0.4 55.0 nJ± 0.6 nJ

Table 8.2: Measured energies of the synchrotron radiation of the radiator.

A homogeneous energy distribution is assumed over the visible spectral range, which gives

the minimum detection threshold for the energy of the synchrotron radiation. For example

the difference between the seed-drive laser energy (≈100µJ) and synchrotron radiation
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at the same wavelength (≈13 nJ) is in the order of 104.
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Figure 8.3: The spectrum of the modulator/radiator undulator, with the period of λu=200mm

over 1m.
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8.3 Beam intensity control using combinations of

spectral filters

Measurement in the lab Due to different initial energies of the laser and synchrotron

light, different attenuation factors are needed for each of those pulses within the same

beam line. The transmission of some spectral filters with different bandwidth was mea-

sured in the lab using the laser oscillator pulses (63mJ), which was attenuated to 0.3mJ

using a wedge with 4% transmission. A neutral density (ND) filter with optical den-

sity (OD)=4.4 was used to further attenuate the energy of the beam below the damage

threshold of the Joule-meter. Another ND filter (OD)=3 was used to increase the signal

to noise ratio, with the noise arising from the stray light existing in the lab. The OD gives

the amount of light which is blocked by the filter (OD=-log10(T), where T the transmis-

sion) [ND-11]. After the ND filters the laser beam, with energy of (5.0 nJ± 0.1 nJ), passed

through the selected bandpass (BP)-filter and was focused to the head of the Joule-meter

using a lens with focal length of 50mm. The transmitted energies of the laser through

different spectral filters are listed in Table. 8.3.

Filter type Measured Energy

700 nm ± (80 nm)fwhm 70.0 pJ ± 2.0 pJ

550 nm ± (80 nm)fwhm 16.0 pJ ± 4.0 pJ

600 nm ± (10 nm)fwhm 12.0 pJ ± 0.2 pJ

500 nm ± (40 nm)fwhm 4.5 pJ ± 0.1 pJ

670 nm ± (3 nm)fwhm 1.4 pJ ± 0.1 pJ

Table 8.3: Measured attenuation of the seed-drive laser oscillator for different spectral filters

with different bandwidth.

The BP-filter with 700 nm central wavelength attenuates energy of the laser pulse by a

factor of 71. The BP-filters with shorter central wavelength attenuate the energy more,

but this is achieved at the cost of increasing dispersion in the beam line. The spectrum of

synchrotron radiation of the short undulator used for the measurement includes enhanced

energies in higher harmonics which can be sent to the streak camera together with the

fundamental wavelength (λ = 800nm). The dispersion due to the input optics of the

camera causes a delay in the arrival time of the electron bunch relative to the laser pulse

(λL = 800nm), which should be excluded from the real temporal offset between pulses.

To avoid this effect and keeping the dispersion effect below the typical resolution of the

streak camera (300 fs) the BP-filters with wavelength shorter than 650 nm are not used
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for the attenuation.

The measured attenuation of the laser-oscillator beam for different ND filters are listed

in Table. 8.4. These filters can be used to further attenuate or block the laser light. The

disadvantage of these filters is that, due to large attenuation, the synchrotron radiation

which is about 4 orders of magnitude lower in energy than the laser pulse, can be barely

detected.

Optical density (OD) Measured Energy

0.5 2.0 nJ± 0.1 nJ

2.0 200 pJ± 10 pJ

4.0 8.5 pJ± 0.2 pJ

Table 8.4: Measured attenuation of the seed-drive laser oscillator for different neutral density

filters. Energy of the laser pulse before the filters is (5.0 nJ± 0.1 nJ).

Analytical consideration To estimate the transmitted energy of the laser pulses

through different B-filters, two normal Gaussian distributions are defined, which one of

them defines the seed-drive laser (yL) and the other one (yF ) the transmission curve of

the selected BP-filters:

yL = A
1

√

2πσ2
L

e
−(λL−λL0)

2

2σ2
L , (A = 1, λL0 = 800nm, σL = (30nm)fwhm)

yF = B
1

√

2πσ2
F

e
−(λF−λF0)

2

2σ2
F , (B = 0.65, σF = (80nm)fwhm)

The integration over the product of these two functions defines the transmitted energy

through the filter. The initial energy of the laser is assumed to be 5 nJ, identical to the

energy used for the measurement in the lab. In Table. 8.5 the transmission factors and

output energies for three BP-filters with different central wavelengths, λF0, are listed.

The attenuation factors for the estimated energies of the laser pulse and synchrotron

radiation in the longitudinal overlap setup are listed in Table. 8.6.

The energy of the laser after filtering is still above the damage threshold of the streak cam-

era. For further attenuation of the laser pulses short-pass filters can be used together with

the above-mentioned bandpass filters. The short-pass filter has more than 90% transmis-

sion for the wavelengths shorter than its cut-off wavelength. As an example the short-pass
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BP-filter Transmission [%] Transmitted energy [pJ]

650 nm ± (80 nm)fwhm 0.01 0.6

700 nm ± (80 nm)fwhm 1.4 68.2

750 nm ± (80 nm)fwhm 23.5 1200

800 nm ± (80 nm)fwhm 61 3000

Table 8.5: Analytical estimation on the transmitted energy of the laser after different filters.

The initial energy of the laser pulse before the filters is assumed to be 5.0 nJ.

Filters used (BW=80nmfwhm) λ0 =650 nm λ0 =700 nm λ0 =800 nm

Initial Energy Minimum transmitted energy

ESR ≥ 13 nJ(@800 nm) 1.5 pJ 177 pJ 8 nJ

ESR ≥ 27 nJ(@600 nm) 3.2 pJ 368 pJ 16.4 nJ

EL ≈ 100µJ 12 nJ 1.4µJ 61µJ

Table 8.6: The estimated energies of the seed-drive laser and synchrotron radiation after dif-

ferent bandpass filters.

filter with the cut-off wavelength at 700 nm is more than 85% transmissive for the wave-

length range between 400 nm to 680 nm, and 1% transmissive for the wavelength range

of 720 nm-800 nm [edm11b]. Another useful example is the Schott BG39-filter [Sch11a],

which attenuates the wavelength range between 770 nm-1000 nm by 5 orders of magni-

tude. The transmission of this filter at 700 nm is about 1% and at 650 nm is 13%. This is

the motivation to tune the modulator-undulator at different resonance wavelength rather

than the seed drive laser. In this way the laser pulse can be attenuated by higher orders

of magnitude. In this process the use of spectral filters in the beam line is mandatory.

As discussed, the spectrum of the short modulator contains higher harmonics which can

be transported to the streak camera. To minimize the dispersion one needs to limit the

bandwidth of incoming light.

Measurement in the tunnel During the commissioning shifts various combination

of spectral and edge filters were used to find the optimized energy for the laser pulse

and synchrotron radiation. Depending on the resonance wavelength of the modulator-

undulator the best attenuation for the seed-drive laser (λL=800 nm) and synchrotron

radiation (λSR=800 nm or 1300 nm) was achieved using one of the following combinations:

• BP-filter (λ0 =800 nm ± 80 nm) + Schott BG39, Eest.
L ≈ 0.6 pJ
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• BP-filter (λ0 =700 nm ± 80 nm) + SP-filter (λcutoff) =700 nm, Eest.
L ≈ 100 pJ

• BP-filter (λ0 =650 nm ± 80 nm) + SP-filter (λcutoff) =725 nm, Eest.
L ≈ 1 pJ

Here Eest.
L is the estimated energy of the NIR drive laser after the attenuation. The energy

of the NIR laser is assumed to be 50µJ before the above-mentioned filters.

8.4 Dispersion of the longitudinal overlap beam line.

The reflected beams from the in-vacuum screen pass through a glass window and traverse

the beam line over 4m on air to reach to the photo-detectors station. The beams also pass

through two filters which have 1-5mm thickness. The lenses which are used in the input

optic of the streak-camera itself are made of CaF2 and SiO2 material with the thickness

of 24.4mm and 3.6mm respectively. In addition the beams pass through another lens

which is installed in the beam line to focus the light into the slit of the camera. The

dispersion of the wavelengths in range of 200 nm to 800 nm through different materials is

shown in Fig. 8.4. In case the undulator is not tuned to the same wavelength as the seed

drive laser, the passage time of two beams (dispersion) through the beam line will differ

due to difference in their group velocity, see App F. The dispersion effects due to spectral

filters, focusing lens to the slit of the camera and air (the beam line is not in-vacuum) are

presented in Fig. 8.5.

In one case that the undulator was tuned to 800 nm and the out-coupling screen was place

off axis, and higher harmonics were sent to the streak camera together with the IR laser

(800 nm), the temporal dispersion of about 3.5 ps was observed, which is consistent with

the analytical estimate.

8.5 Effect of the path difference in arrival time

According to Table. 4.2 and Table. 4.3, different divergences (θ = M2 λ
πw0

) of NIR laser

and HHG pulse can be translated to different arrival times for the points away from the

focal position. In our case the radiation for θ ≥ 1mrad can not be transported in the

beamline due to the size of the mirrors. Using the ZEMAX simulation code [zem11], the

difference in arrival time between the central part of the radiation and the outer part

(with θ ∼1mrad at the longitudinal overlap station) is estimated to be about 5.3× 10−18

second for the 800 nm and 7.4× 10−18 seconds for the 38 nm radiation. In both cases, the

temporal difference is far below the resolution of our longitudinal profile measurement

tools.
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Figure 8.4: Dispersion curve through different materials used in the optical beam line.
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During the shifts which were dedicated for the seeding experiment at FLASH, all relevant

diagnostic systems were commissioned. To enable the seeding experiment, a stepwise

procedure for achieving the six-dimensional phase space overlap between electron bunch

and seed pulse (x, x′,y ,y′ ,t ,Energy), was performed as follows:

• Standard machine operation to achieve SASE in the FLASH main undulator

• Setting the gap of the seeding undulators for the seeding wavelength of (λ = 38.5 nm)

according to the calibration curve

• Measuring the HHG spectrum in the extraction beam line spectrometer

• Spectral overlap of seed pulse and sFLASH SASE radiation

• Transverse and angular overlap of the XUV pulse and electron bunch before and

after each undulator section [Böd11]

• Coarse and fine temporal overlap between NIR laser pulse and electron bunch

• Scan procedures for the temporal overlap between XUV pulse and electron bunch

• Post processing of seeding stored data

The results and tolerances of spectral and transverse overlap were presented in Chapter 4.

In this chapter the results of coarse and fine longitudinal overlap measurements, and the

applied on-line methods to find the seeded signal are discussed. The post processing of

stored data to demonstrate seeding at 38.5 nm is also presented.

9.1 Coarse longitudinal overlap measurement

To perform the coarse temporal overlap measurement the incoherent synchrotron radiation

of the modulator, together with the NIR laser pulse is sent to the photo-detectors by using
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an off-axis screen. This screen is located after the modulator of the ORS experiment,

as was explained in previous chapters. The off-axis screen makes the temporal overlap

measurement and the seeding experiment to proceed in parallel. In this scheme the

electron beam and XUV pulse propagate in the nominal axis to the extraction beam line.

After proper attenuation an optical element splits the pulses of interest and sends them to

the photomultiplier tube and slit of the streak camera, which are both located at the same

distance from the beam splitter. It has been previously explained that the slit size impacts

also the resolution of the measurement. The optimum slit size for this experiment was

about 30µm. The spatial positions of the electron bunch and NIR pulse were observed

in the ′focus′ mode of operation of the streak camera, which permits observation of the

optical signals input to the camera without streaking. Afterwards the following procedures

were performed remotely to find the coarse temporal overlap in the ′operation′ (streaking)

mode:

• To setup the relative timing of the electron bunch relative to the streak trigger:

Typically the electron bunch should be about 30 ns after the edge of the trigger.

This includes delays due the length of cables that transport the signals as well as

the response times of the electronics.

• To find the electron bunch within the largest streak camera time range, which is

500 ps:

The precise delay for the trigger signal relative to the electron bunch arrival time

was set using the delay generator.

• To optimize the temporal overlap within 500 ps time range of the streak camera:

The NIR laser pulse was shifted towards the electron bunch using a vector modulator

by steps of less than 500 ps.

• The last step for the other streak camera time ranges (200 ps, 100 ps, 50 ps, 20 ps).

Due to internal pulse-to-pulse jitter of the streak camera, which is in the order of

20 ps, the on-line temporal overlap utilizing the shortest time range was not possible.

The results of a typical longitudinal overlap measurement between pulses of interest is

shown in Fig. 9.1. The red-dashed line in Fig. 9.1(c) shows a two-Gaussian fit model

on the measured data. The peak-to-peak temporal difference is measured about 1.17 ps.

Afterwards the NIR laser pulse was shifted towards the electron bunch using a 100 fs step

size until the full overlap was achieved.
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(a) Streak camera image, different arrival

times.

(b) Streak camera image, full overlap

achieved.
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(c) Temporal difference between the NIR laser pulse (in left) and incoherent synchrotron radiation of

the undulator (right). The red-dashed line shows a two-Gaussian fit model to the measured data. The

peak-to-peak temporal difference is measured to be ∆T ∼ 1.17 ps.
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(d) Temporal overlap between two pulses was achieved better than 1 ps resolution, ∆T ≤1 ps

Figure 9.1: Measured longitudinal overlap between seed drive laser and electron bunch using

the streak camera. The time range of the streak camera was set to 50 ps. The red-dashed line

shows the Gaussian fit model on the measured data.
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To estimate the resolution of the measurement the following approach was adopted. First,

the two signal pulses were separated by about 12 ps. Then, using the vector modulator,

the NIR laser pulse was moved towards the electron bunch with a 2 ps time steps, see

Fig. 9.2. Again the measured data was fit to a two-Gaussian model. The peak-to-peak

temporal difference of some of the measurements are shown in the same figure.
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Figure 9.2: Temporal scan. Two pulses were separated initially by more than 10 ps. Using

the vector modulator the NIR laser pulse was shifted towards the electron bunch with about

2 ps time step. In each step 20 measurements were recorded. The red dashed line shows the

two-Gaussian fit model. The peak to peak temporal difference is shown with a green line.

The measured temporal differences (∆T ) versus the phases of the vector modulator are

plotted in Fig. 9.3.

Using a linear regression approach [P+88], the relationship between the resolution of

the measurement and measured data (∆T ) can be derived. Here the model is a linear

polynomial (∆T = c + m∆φ). The derived values are approximately c =-21.9 ps and

m =-127 rad. Using error propagation, the variances in estimation of those parameters

σc =0.11 and σm =3.3 yields:
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Figure 9.3: The phase scan of the vector modulator (Φ) and the relative temporal offset (∆T )

between seed pulse and electron bunch.

∆φ = φ0

√

(
σc
c
)2 + (

σm
m

)2 + 2
σm
m

σc
c
∗ ρc (9.1)

= −54 · 10−4 rad (9.2)

where ρc is the correlation term [P+88], and φ0 = −a/b = −0.17 rad is the phase where

two pulses are fully overlapped (∆T =0). The resolution of the measurement for the

phase of the RF at 1.3GHz can be estimated of:

Resolution =
∆φ

1.3 · 109 · 2π (9.3)

∼ 656 fs (9.4)

An on-line measurement with this resolution can not be obtained due to the internal jitter

of the streak camera.

Relative pulse jitter measurement

The relative jitter of the electron bunch and seed pulse were measured during the

commissioning shift on 15.11.2010. For this measurement 161 pulses were recorded, see

Fig. 9.4. The measurement shows a standard deviation of about σ =300 fs. The reason

of this big jitter can be either the NIR seed drive laser fluctuation or the energy jitter

in the first accelerating module. Unfortunately the energy fluctuation during the time of

the scanning was not recorded. The jitter can also be related to the systematic measure-

ment jitter mentioned above, where, due to inherent noisiness of the streak, the relative

timing between two signals are not recorded accurately. The beam arrival time has been

established meanwhile to about 70 fs.
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Figure 9.4: Relative jitter between seed drive laser and the electron bunch.

9.2 Femtosecond resolved temporal overlap using co-

herent radiation

After finding the temporal overlap to better than 1 ps resolution by use of the streak

camera, the transverse overlap of the NIR laser pulse and electron bunch was performed.

The longitudinal electron bunch distribution was, at this point, precisely determined using

the TDS experiment, see Fig. 9.5. Applying the two-Gaussian fit model to the measured

data, the FWHM duration of the peak is approximated at about 59 fs.
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Figure 9.5: The electron bunch distribution measured with the TDS during the commissioning

shift on Oct. 2010.

At the same time that the temporal overlap is measured with the streak camera after the
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modulator, an optical transition radiation screen directs out of the beamline the signal

of the radiator, which is tuned ito the second harmonic of the modulator. This coher-

ent enhanced undulator emission, which is produced upon temporal overlap of pulses of

interest, is sent to a standard CCD camera and a UV-VIS spectrometer at a measure-

ment station located after the radiator. The NIR laser pulse is moved temporally with

respect to the electron bunch by using a vector modulator as explained in Chapter 4.

The minimum step size of the scan is limited to 45 fs due to the resolution of the 14bit

digital-to-analog converter (DAC). The DAC controller drives a voltage to tune the vector

modulator, which set the relative phase between the external RF and the NIR laser oscil-

lator RF. The phase-lock-loop drives the oscillator length such, that this phase difference

is compensated again and lets the pulse be shifted in time.

After finding the overlap at better than 1 ps resolution, the vector modulator shifts the

laser in 50 fs steps with respect to the electron bunch, until the coherent enhancement of

the undulator radiation in the CCD camera signal is observable, see Fig. 9.6(b).
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Figure 9.6: The electron bunch properties and enhanced coherent signal seen by a CCD camera.
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At the position of the peak current, the measured sliced energy spread was σE ∼ 750 keV

and the mean energy deviation was less than 0.5MeV, see Fig. 9.6(a). The results of

a series of three scans is shown in Fig. 9.6(b). The enhanced signal was sustained over

a 200 fs interval along the electron bunch distribution. A two-Gaussian fit model was

applied to one series of the measurement to characterize the , see Fig. 9.7.
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Figure 9.7: Two Gaussian fit applied on the scan data of the radiator radiation.

The width of the first peak is about (80 fs)FWHM. This can be compared with the width of

peak of the electron bunch distribution, which is approximately (60 fs)FWHM. The fact that

the measured widths of the electron bunch and the coherent radiation are comparable is

not surprising, nor is the fact that they are not identical. The peak in the current naturally

favors larger coherent radiation production. The current peaks also may have larger slice

emittance energy spreads associated with CSR and space-charge effects, which tend to

degrade the coherent emission.

The measurement was reproducible and was used as a standard tool during most of

the commissioning shifts. CSR effects are destructive for this measurement. Because of

this, for the fine temporal overlap the electron bunch was initially set on-crest. After

the measurement of the SASE, and before proceeding with the seeding experiment the

electron bunch was set off-crest. The difference in electron bunch arrival-time between on

and off crest operation was measured to be approximately 3 ps, which needs to be taken

into account, when setting the temporal overlap in the seeding experiment itself.

9.3 Attempts for seeding at 38 nm

Due to a relatively low coupled-energy of the seed pulse with the electron bunch, gain

due to seeding in the FEL would not be easily observable. For this reason, numbers of
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tests were performed to distinguish between the seeded and SASE spectra. Typically

2000 shots were recorded to characterize the SASE signal distribution. The Kolmogorov

- Smirnov test was applied to compare the distributions of the two spectra of the interest.

In the case of seeding, a change in the recorded spectra in comparison with the SASE was

expected. For example a second maximum might show up in a reproducible manner.

Another test was the energy measurement of the SASE radiation within the seed pulse

bandwidth. If the measured energy exceeds a certain level, this shot can be counted as

a candidate for displaying seeded FEL gain. For more information on this measurement

and analysis, readers are addressed to [Böd11].

During the measurement some of the machine parameters (e.g. beam arrival time monitor,

beam energy monitor, beam charge monitor) drift notably, causing a systematic error in

the statistical measurement. To prevent this effect from corrupting the data set, a filter

with range of (±2.5σ) about nominal parameters was used. In principle the single shot

spectra should be recorded at the same time, therefore smaller filter range is favorable but

this could not be achieved without dedicating longer times within out limited operating

shifts.

9.4 Offline data analysis

During the shift period on Apr. 2011 the scan over 500 fs with step of 50 fs was performed.

For each step 500 shots with HHG on and 500 shots with the HHG pulse off were recorded.

The result of the first scan is shown in Fig. 9.8. Enhancement due to seeding was not

observed.
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Figure 9.8: Example of the scan results, (Apr. 2011). The maxima of 500 spectra with HHG

seed pulse on and 500 spectra with HHG off were recorded. The scan was performed with step

size of 50 fs. Enhancement due to seeding was not observed.



10 Conclusion and Outlook

The free electron laser in Hamburg (FLASH) is a user facility which produces ultrashort

radiation with peak brilliance ≈ 1029-1031 photons/(smm2mrad2 0.1%BW) and average

power Pavg ≈ 300mW. However as the undulator radiation starts from shot noise as a

consequence the SASE FEL radiation shows random variations and fluctuations in the

spectral domain yielding temporal pulses that are not as narrow and precise as certain

classes of the experiments would require. The FEL would thus benefit from an external

coherent source of radiation to suppress these fluctuations. Among different possible

schemes, the use higher-harmonics generated in Ar gas was adopted to provide this source

of coherent radiation for the seeding experiment at FLASH. The 21st harmonic of the NIR

laser pulse, λs =38nm, was used as the seeding wavelength.

During the commissioning shifts the sub-components of the seeding experiment were suc-

cessfully commissioned, including HHG generation and transport from the source to the

extraction beam line, the achieving of SASE from the seeding undulators, the transverse

and spectral overlap between the seed pulse and the electron bunch, and the longitudinal

overlap between the electron bunch and the NIR laser pulses better than 100 fs.

The electron bunch distribution, and arrival time jitter are the key parameters for the

performance of the longitudinal overlap. To quantify these parameters, the longitudinal

distribution of the electron bunch was measured by a TDS setup during each of our

commissioning shifts. Beam based feedback was used to reduce the electron bunch jitter.

During the shifts the average jitter of the electron bunch relative to the RF was measured

about 70 fs.

A series of FEL simulations was performed to study the efficacy of the seeding mech-

anism with low coupled seed energy (10 pJ). The electron bunch distribution used for

the simulation was taken from the measurement with a temporal extent (≈ 400 fs)FWHM .

The enhanced seeded signal appeared in a point along the electron bunch with the lowest

mean energy deviation and relatively small energy spread; In these studies, the enhanced

seeded signal was therefore not, as intuition might dictate, seen at the peak of the current

distribution. For the temporal offset larger than 66 fs from the optimum overlap point the
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enhanced seeded signal drops drastically. The results of the simulation put a limitation

in the acceptable beam arrival time jitter and electron bunch characteristics.

Statistical studies show that the probability of the optimum overlap between electron

bunch (σe = 100 fs) and seed pulse (σs = 10 fs) is approximately 20% for the relative rms

jitter of about σj =122 fs. For a more accurate estimation one should consider also the

effects of transverse jitter and electron bunch energy fluctuations. For numerical simula-

tions approximately 50 evaluations seems to be a reasonable choice, to give a statistical

analysis of the temporal jitter effects, but inclusion of two other fluctuating parameters

would demand a much more time intensive analysis.

To directly address the issue of temporal synchronization in the experiment two methods

have been proposed to measure the temporal overlap between the two pulses of interest.

Firstly the photomultiplier was used to find the relative timing of the pulses within 1 ns.

Afterwards, the streak-camera based measurement was used to measure the relative timing

between two pulses with sub-picoseconds resolution (≈ 650 fs).

The synchrotron radiation emitted from a 1m long undulator (upstream seeding undu-

lator), along with the NIR laser pulse were used as references for the arrival time mea-

surement of the electron bunch and seed pulse, respectively. The experimental setup was

installed in the tunnel. To protect the streak-camera against gamma and neutron radia-

tion 20mm thick lead plates with 15mm borated polyethylene were used. During almost

2 years operation of the streak-camera in the tunnel no damage or loss of functionality

were observed in the photo-detectors. The beam line and streak-camera were operated

remotely during all shifts.

The tolerance studies also revealed that the path difference between the NIR laser and the

synchrotron radiation of the modulator from the source to the point of measurement is

far below the resolution of the measurement. The path difference between seed radiation

and NIR laser pulse is also orders of magnitude less than resolution of the measurement

devices.

A modulator-radiator (MOR) scheme was proposed as a reliable and precise tool for the

synchronization between two femtosecond pulses with resolution about 50 fs. The ORS

experiment at FLASH which was initially proposed as a tool for the longitudinal bunch

length measurement thus showed promising potential for the synchronization purposes.

Analytical studies and experimental results obtained from this coherent radiation-based

method are in a good agreement. The enhancement of the coherent signals at the time of

overlap between the NIR laser and the electron bunch was observed. The measurement

results were reproducible.
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With temporal (as well as transverse and spectral) overlap achieved, it was hoped measure

significant amplification of a seed signal in the FEL. To observe the seeding signal at 38 nm

from seeding undulator several time delay scans were performed. The on-line analysis of

the sFLASH SASE spectrum did not show the any clear evidence for the seeding at 38 nm.

The post analysis of the data showed the presence of the second peak at the seeding

wavelength for one step of the time delay scan. The measured peak was not reproducible,

a result that can be correlated to the fluctuations in the machine parameters.

Simulation results using GENESIS show that the relatively low coupled seed pulse energy

is on the same order of the shot noise level. In Fig. 10.1 the expected spectral and power

contrasts for different seed pulse energies are shown.

(a)

(b)

Figure 10.1: The contrasts between seeded signal and the SASE background for different seed

pulse energies. a) The energy contrast. b) The spectral contrast in 0.1nm bandwidth.

Several improvements are foreseen for the seeding experiment in the future. To measure

the actual seed pulse energy an XUV photo diode is installed in the undulator section.

To control the focus position of the seed pulse within undulator, a focusing mirror with

variable focal length will be installed at the injection beam line.
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Another approach to improve the synchronization of the NIR laser pulse to the electron

bunch is to apply an optical synchronization scheme instead of the RF-based timing distri-

bution through coaxial cables. The latter case suffers from both thermal and mechanical

noise-induced jitters. In contrast, the optical fiber-based system can be active path-length

stabilized.

Due to delay inherent in the feedback system a couple of bunches in the train is required

to reduce the jitter. According to the arrival time jitter measurement, shown in Fig. 3.4,

the latency of the feedback system is about 10µ s, therefore to have the lowest possible

jitter one would need to use the bunch number ≥ 10.

We also note that the minimum step size was limited to 47 fs due to the resolution of

the vector modulator and 14bit digital-to-analog converter (DAC). This system could be

easily improved to give higher tuning resolution of the synchronization system. Currently

1.3GHz is used as a reference feedback frequency from the master oscillator. However,

there is the possibility of using 9.1GHz harmonic giving a field slope which is 7 times

larger than for 1.3GHz. Thus the feedback loop may measure and correct for the seven

times smaller temporal errors. In order to scan in finer steps, an optical delay line with

sub 3 fs resolution can be used in addition.

Further upcoming upgrades are foreseen for the FLASH facility. Among them are the

installation of new undulator beam line (FLASH-II) after the existing accelerating mod-

ules [FBA+11]. A seeding scheme based on a quasi-phase matching approach is foreseen

for the new FEL beamline. The same strategies as we have introduced in this thesis work

that were employed for finding the temporal overlap between seed pulse and the electron

bunch are also foreseen for the FLASH-II. For more information reader is addressed to

Ref. [WYD+11].



Appendices





A Convolution of two Gaussian distri-

butions

As the simplest model, a Gaussian distribution is assumed for the longitudinal profiles

of the electron bunch fe(t) and seed pulse fs(t), see Fig. A.1. The seed profile given by

green-dashed lines. The convolution (overlap) function of seed pulse and electron bunch

is plotted in orange-circles in the same figure.
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Figure A.1: The convolution of electron bunch and seed pulse distribution. A Gaussian dis-

tribution is assumed for the longitudinal profile of the seed pulse fs(t) and electron bunch fe(t).

The rms electron bunch and seed pulse duration are assumed to be σe =100 fs and σs =10 fs,

respectively. The convolution (overlap) function is defined as the area under the product of two

functions at time t, (
∫∞
−∞ fe(t)×fs(τ−t) dt). As an example, the seed pulse is plotted in different

longitudinal position relative to the electron bunch. For τ ≥120 fs the overlap drops down to less

than 0.5 of a perfect overlap.

As an example, some different relative positions between the seed pulse and the electron

bunch are plotted. For the case with zero temporal offset between seed pulse and electron

bunch (τ = 0) the convolution function is equal to one and that shows the case with
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perfect overlap. Here the optimum overlap can be defined as the Cs,e(τ) ≥ 0.9, where

two pulses are separated less than 50 fs from each other. The convolution function for

different electron bunch duration is plotted in Fig. A.2. The probability of having an

optimum overlap would increase for the longer electron bunch duration. One of the most

challenging steps in the experiment is tuning the electron bunch with low energy spread

and high peak current with long enough duration.
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Figure A.2: The convolution of electron bunch and seed pulse distribution for different electron

bunch duration. The rms seed pulse duration is σs =10 fs. The optimum overlap is defined for

the convolution functions ≥0.9.



B Optimization of the dispersion

strength

There is a possibility to control the dispersion strength of the vertical chicane, which is

downstream of the modulator section, by varying the dipole magnet current up to 2.5 kA,

thus providing a tuning method and therefore the micro-bunching amplitude. Eq. B.1

shows the formula for the R56 of the chicane which consists of 4 magnets:

R56 = 2 · a · θ2 (B.1)

Here a=850mm is the distance between first two magnets in the chicane and θ is the

deviation angle of the beam from the nominal axis which can be derived from Eq. B.2:

θ = 0.586 · 5L · B
γ

(B.2)

The field integral through the chicane for different magnet’s current can be found in

Ref. [TCA02]. The angle for the magnet current of 2.5 kA at distance of 1m for the beam

energy of Ee =700MeV is approximately 9.5mrad. The maximum dispersion strength

related to this angle is about R56 =153µm.





C Possibility of even harmonic coupling

in the existing setup

The resonant condition can be also fulfilled when the laser frequency is a multiple of the

undulator frequency. Due to a big K value the spectrum of the modulator in the ORS

setup has peaks in many higher harmonics of the fundamental frequency. In the quantum

approach due to these higher harmonics, absorption of radiation (IFEL) is also possible.

As it was described in the literature, [MPR05], the coupling coefficient, Eq. C.1, for the

nth harmonic can be derived from the electron equation of motion in the combined field

of laser and undulators magnetic field. The coupling coefficients for the nth harmonic are

given by:

JJn =
+∞
∑

m=−∞

Jm(G)[J2m+n+1(ξ) + J2m+n−1(ξ)] (C.1)

where G = λuK2

8λγ2
and ξ = λuKθ

γλ
. Here K is the undulator parameter, λu is the undulator

period length, λ is the wavelength of the radiation and θ is the horizontal angle between the

electron beam and the laser propagation direction. The resonant energies are a function

of this crossing angle, as it is shown in Eq. C.2:

θ =

√

2nλ

λu
− (1 +K2/2)

γ2
(C.2)

For the second harmonic interaction (n=2) this crossing angle is θ = 3.6mrad. For the

ORS setup, the electron bunch with energy of 700MeV , interacts with the laser field

inside an undulator with undulator parameter K = 6.84 and period λu = 200mm. In

this case the resonant wavelength of the undulator is equal to λ = 1300nm, G = 0.47,

ξ = 2.8. Using Eq. C.1 for the second harmonic, we will have:
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JJ2 =
+∞
∑

m=−∞

Jm(G)[J2m+3(ξ) + J2m+1(ξ)] (C.3)

that gives the coupling coefficient JJ2 = 0.68, which is comparable with the bunching

coefficient at fundamental harmonic JJ1 = 0.94.

The advantage of considering this method is to have different color for the synchrotron

light of the undulator and laser beam, which should be used for the synchronization. As it

will be discussed in the next chapters, due to the power threshold of the photo-detectors,

both beams should be attenuated with combination of some spectral filters in the same

beam line. Due to the large K value of the ORS undulator significant energy exchange

can happen via high harmonic IFEL interaction.



D Transmission of the seeding beam-

line for the NIR laser beam

The transmission of the seeding beamline for different initial polarization of the NIR laser

beam is shown in Fig. D.1.

Figure D.1: Transmission of the seeding injection beamline for the NIR laser beam. HereEx

and Ey are the electric field components parallel and perpendicular to the deflection plane of the

seeding undulator relative to the field at the beginning of the beam line [Böd12].

The electric field components parallel and perpendicular to the deflection plane of the

seeding undulator relative to the field at the beginning of the beam line are shown with

Ex and Ey, respectively. For a beam with nearly zero polarization angle at the source

the transmission of the beam line is approximately ((ET

E0
)2 = 2.85 × 10−3). E0 is the

electric field at the source and ET is the transmitted total electric field at the point of

interest. According to the same figure, at zero polarization angle the vertical component

of the field is Ey

E0
= 0.027. This together with the total estimated transmission ( E0

ET
= 20)
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show that 54% of the total NIR laser field is perpendicular to the plane of the undulator

Ey = 0.54ET . The polarization angle between the total field and the horizontal plane in

this case is approximately θ = 33 ◦.



E Neutron and gamma dosimetry

To estimate the amount of ionizing radiation pairs of TLD600 and TLD700 were used

in different part of the streak-camera container for two weeks FLASH operation. The

TLD600 chip is made of 6-Lithium Floride (6Lif) and is sensitive to gamma, betas and

neutrons. TLD700 chip is made of another Lithium isotope (7Lif) which is sensitive just

to beta and gamma radiation. The crystal of mentioned TLDs give off light when they

are heated. The emitted light being proportional to the degree of exposure by the TLDs.

The curves obtained from the heating process are plotted in Fig. E.1. The area under

the TLD700 first peak represents the gamma radiation energy and the area under second

peak of the TLD600 gives the neutron flux stored on the TLDs.

100 150 200 250
10

0

10
2

10
4

10
6

 

 

T
he

rm
ol

um
es

ce
nc

e 
si

gn
al

 [a
.u

]

TLD 700

TLD 600

100 150 200 250
10

0

10
2

10
4

10
6

 

 

TLD 700

TLD 600

100 150 200 250
10

0

10
2

10
4

10
6

Temperature [°C]

 

 

TLD 700

TLD 600

100 150 200 250
10

0

10
2

10
4

10
6

 

 

TLD 700

TLD 600

100 150 200 250
10

0

10
2

10
4

10
6

 

 

TLD 700
TLD 600

100 150 200 250
10

0

10
2

10
4

10
6

 

 

Temperature [°C]

TLD 700

TLD 600

Downstream containerUpstream containerTop of the container

R
in

L
in

T
out

R
out L

out

T
in

TLDs−InsideTLDs−Outside

Figure E.1: Thermoluminescence signal of TLD-600 and TLD-700 in different location around

the shielding container





F Transient time of the optical wave-

lengths through different materials

The transient times of various wavelength from 200 nm to 800 nm are calculated for dif-

ferent thickness of the optical elements used in the longitudinal-overlap beamline. The

dispersion due to the glass window (between vacuum and air), air and the spectral filters

which are made of fused silica is plotted in Fig. F.1.
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Figure F.1: Transient time of visible wavelengths through different material used in the beam-

line.

The dispersion due to input optic of the streak camera (CaF2 and SiO2 materials) and the

external lens of the beamline is plotted in Fig. F.2. An an example the total dispersion
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through all materials in the beamline between 400 nm and 800 nm wavelengths is about

7.3 ps. The biggest effect is due to the input optic of the streak camera, which is 24mm

thick and is made of CaF2 material.
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use in dispersive sections of magnetic chicanes. In Proc. of EPAC, 2007.

[J3S11] J3/j4/j3s series pyroelectric/silicon joule meter. website, 2011.

[Jac99] J.D. Jackson. Classical Electrodynamics. John Wiley and Sons (WIE),

1999.

[Kim86] Kwang-Je Kim. Three-dimensional analysis of coherent amplification and

self-amplified spontaneous emission in free-electron lasers. Phys. Rev. Lett.,

57:1871–1874, Oct 1986.
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